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Abstract any other process, without considering issues like commu-

. . . nication protocol, bus arbitration, packaging of messages,
We present an approach to static priority preemptive

: . .~ clock synchronization, etc.
process scheduling for the synthesis of hard real-time , .
S o Currently, more and more real-time systems are used in
distributed embedded systems where communication plays hysically distributed environments and have to be implement-
an important role. The communication model is based on aPVy y P

time-triggered protocol. We have developed an analysis for]ﬁEd on d|s|tr|bu:jed a:tchnectures N ord_er ;}O meet reliability,
the communication delays proposing four different messagefunctional, and performance constrairitius, in order to
scheduling policies over a time-triggered communication guarantee that real-time characteristics are fulfilled analysis has

channel. Optimization strategies for the synthesis of Peendone for different communication protocols. The CAN

communication are developed, and the four approaches toPUs is analyzedin [13], a 802.5-style token ring and a simple
message scheduling are compared using extensivel DMA protocol are analyzed in [14], in [16] P-NET networks

experiments. are investigated, while in [3] the ATM protocol is considered.
. In this paper we consider the time-triggered protocol
1. Introduction (TTP) [6] as the communication infrastructure for a distrib-

Depending on the particular application, an embedded uted real-time system. Processes are scheduled according to
system has certain requirements on performance, cost, dea static priority preemptive policy. We first perform the
pendability, size, etc. For hard real-time applications the schedulability analysis considering four different ap-
timing requirements are extremely importahus, inorder ~ proaches to message scheduling. After this, we go one step
to function correctly, an embedded system implementing suchfurther by showing how the parameters of the communica-
an application has to meet its deadlines. One of the typical ap-tion protocol can be optimized in order to fit the communi-
plication areas for such systems is that of safety-critical auto-cation particularities of a certain application.
motive applications (e.g. drive-by-wire, brake-by-wire) [17]. TTP has been classically associated with non-preemptive

In this paper we concentrate on certain aspects concernstatic scheduling of processes, mainly because of fault tol-
ing the synthesis of embedded hard real-time systems whicherance reasons [5]. In [10] we have addressed the issue of
are implemented on distributed architectures consisting ofnon-preemptive static process scheduling and communica-
multiple programmable processors and ASICs. Processtion synthesis using TTP.
scheduling is based on a static priority preemptive approach However, considering preemptive priority based sched-
while the bus communication is statically scheduled. uling at the process level, with time triggered static sched-

Process scheduling for performance estimation and syn-uling at the communication level can be the right solution
thesis of embedded systems has been intensively researchathder certain circumstances [8]. A communication protocol
in the last years. The existing approaches differ in the sched-ike TTP provides a global time base, improves fault-toler-
uling strategy adopted, system architectures considered, harance and predictability. At the same time, certain particular-
dling of the communication, and process interaction aspectsities of the application or of the underlying real-time

Static non-preemptive scheduling of a set of processes orpperating system can impose a priority based scheduling
a multiprocessor system has been discussed in [2, 4, 5, 10]policy at the process level.

Preemptive scheduling of independent processes with static The paper is divided into 7 sections. The next section
priorities running on single processor architectures has itspresents the architectures considered for system implemen-
roots in [7]. The approach has been later extended to accométation. The computational model assumed and formulation of
modate more general computational models and has beethe problem are presented in section 3, and section 4 presents
also applied to distributed systems [15]. The reader is re-the schedulability analysis for each of the four approaches
ferred to [1] for a survey on this topic. considered for message scheduling. The optimization strate-

Although different scheduling strategies have been gy is presented in section 5, and the four approaches are eval-
adapted to accommodate distributed architectures, researchiated in section 6. The last section presents our conclusions.
ers have often ignored or very much simplified aspects con- .
cerning the communication infrastructure. One typical 2. System Architecture
approach is to consider communication processes as pro2.1 Hardware Architecture

cesses with a given execution time (depending on the we consider architectures consisting of nodes connected
amount of information exchanged) and to schedule them as



§::n.s.9r§/A_c_Fu§rors 2.2 Software Architecture

I/O Interface We have designed a software architecture which runs on
RAM the CPU in each node, and which has a real-time kernel as
CPU || ROM . . . . .
ASIC its main component. We consider a time-triggered system,
TTP Controlle which means that there are no other interrupts except for the
| timer interrupt. Each kernel has a so called tick scheduler
Nods N that is activated periodically by the timer interrupts and de-
I I I I cides on activation of processes, based on their priorities.
Figure 1. System Architecture Several activities, like polling of the I/O or diagnostics, take

by a broadcast communication channel (Figure 1). Every @S0 place in the timer interrupt routine. o
node consists of a TTP controller, a CPU, a RAM, a ROM In order to run a predictable hard real-time application
and an I/O interface to sensors and actuators. A node can als§'e overhead of the kernel and the worst case administrative
have an ASIC in order to accelerate parts of its functionality. ©verheéad (WCAO) of every system call has to be deter-
Communication between nodes is based on the TTP [6]_m|ned. Our schedulability analysis takes into account these
TTP was designed for distributed real-time applications that ©verheads, and also the overheads due to the message passing.
require predictability and reliability (e.g, drive-by-wire). It in- The message passing mechanism s illustrated in Figure 3,
tegrates services necessary for fault-tolerant real-time systemavhere we have three processes, t® P;. P, and B are
The communication channel is a broadcast channel, so gnapped to node jthat transmits in slotgand B is mapped
message sent by a node is received by all the other nodes. Thi® node N that transmits in slot S Message mis transmit-
bus access scheme is time-division multiple-access (TDMA) ted between Pand R that are on the same node, while mes-
(Figure 2). Each node;an transmit only during a predeter- Sage g s transmitted from Pto P; between the two nodes.
mined time interval, the so called TDMA slat 81 such a slot, Messages between processes located on the same proces-
a node can send several messages packaged in a frame. A sgr aré passed through shared protected objects. The over-
quence of slots corresponding to all the nodes in the architecl€@d for their communication is accounted for by the
ture is called a TDMA round. A node can have only one slot blocking factor, computed according to the priority ceiling
in a TDMA round. Several TDMA rounds can be combined Protocol [9].
together in a cycle that is repeated periodically. The sequence Message mhas to be sent from nodegNo node N.
and length of the slots are the same for all the TDMA rounds. Thus, after mis produced by it will be placed into an
However, the length and contents of the frames may differ. 0Utgoing message queue, call@it The access to the
Every node has a TTP controller that implements the duéue is guarded by a priority-ceiling semaphore. A so
protocol services, and runs independently of the node’s called transfer process (denote_d with T in Figure 3) moves
CPU. Communication with the CPU is performed through a the message from ti@ut queue into the MBI.
so called message base interface (MBI) which is usually im- HOw the message queue is organized and how the mes-
plemented as a dual ported RAM (see Figure 3). sage transfer process selects the particular messages and as-
The TDMA access scheme is imposed by a so called mes-Sembles them into a frame, depends. on the parti.cular
sage descriptor list (MEDL) that is located in every TTP con- @pproach chosen for message scheduling (see Section 4).
troller. The MEDL basically contains: the time when a frame The message transfer process is activated at certain a priori
has to be sent or received, the address of the frame in th&"OWn moments, by the tick scheduler in order to perform
MBI and the length of the frame. MEDL serves as a schedulethe message transfer. These activation times are stored in a
table for the TTP controller which has to know when to send Message handling time table (MHTT) available to the real-
or receive a frame to or from the communication channel. time kernel in each node. Both the MEDL and the MHTT
The TTP controller provides each CPU with a timer in- aré generated off-line as result of the schedulability analysis
terrupt based on a local clock, synchronized with the local and optimization which will be discussed later. The MEDL
clocks of the other nodes. Tlatock synchronization is done

Ng CPU

by comparing the a priori known time of arrival of a frame ! : Nl;CPU l
with the observed arrival time. By applying a clock synchro- LN Iy ' l
nization algorithm, TTP provides a global time-base of known ! RTK, :
precision, without any overhead on the communication. : m, -
S0ty . . N MB-I-: ! 21
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Figure 2. Buss Access Scheme Figure 3. Message Passing Mechanism



imposes the times when the TTP controller of a certain nodenode of our distributed architecture, and the messages are
has to move frames from the MBI to the communication transmitted according to the TTP.
channel. The MHTT contains the times when messages have We are interested to synthesize the MEDL of the TTP
to be transferred by the message transfer process froduhe  controllers (and as a direct consequence, also the MHTTS)
queue into the MBI, in order to further be broadcasted by the so that the process set is schedulable on an as cheap (slow)
TTP controller. As result of this synchronization, the activa- as possible processor set.
tion times in the MHTT are directly related to those in the o .
MEDL and the first table results directly form the second one. 4. Schedulability Analysis
Itis easy to observe that we have the most favorable situ- Under the assumptions presented in the previous section
ation when, at a certain activation, the message transfer proTindell et al. [15] integrate processor and communication
cess findsin th@utqueue all the “expected” messages which schedulability and provide a “holistic” Schedulability anal-
then can be packed into the just following frame to be sent by ysis in the context of distributed real-time systems with
the TTP controller. However, application processes are notcommunication based on a simple TDMA protocol. The ba-
statically scheduled and availability of messages inQloe sicideaisthat the release jitter of a destination process depends
queue can not be guaranteed at fixed times. Worst case situa?n the communication delay between sending and receiving a
tions have to be considered as will be shown in Section 4. Message. The release jitter of a process is the worst case delay
Let us come back to Figure 3. There we assumed a con-between the arrival of the process and its release (when it is

text in which the broadcasting of the frame containing mes- placed in the run-queue for the processor). The communica-
sage m is done in the slot §of Round 2. The TTP  tiondelay is the worst case time spent between sending a mes-
controller of node N knows from its MEDL that it has to ~ sage and the message arriving at the destination process.
read a frame from slotgof Round 2 and to transfer it into Thus, for a process d(m) that receives a message m from
its MBI. In order to synchronize with the TTP controllerand & sender process s(m), the release jitter is:
to read the frame from the MBI, the tick scheduler on node Jym = s(m +@m* "deliver ™ Trick: Where g is the re-
N, will activate, based its local MHTT, a so called delivery sponse time of the process sending the messgg@varst
process, denoted with D in Figure 3. THelivery process ~ case arrival time) is the worst case time needed for message
takes the frame from the MBI, and extracts the messages fromm to arrive at the communication controller of the destina-
it. For the case when a message is split into several packetsion node, gejiveris the response time of the delivery process
sent over several TDMA rounds, we consider that a messagdSee section 2.2), and;dy is the jitter due to the operation
has arrived at the destination node after all its correspondingof the tick scheduler. The communication delay for a mes-
packets have arrived. Whenythas arrived, the delivery pro- ~ Sage MisCy, = ay,+rge e, - A itself is the sum of the ac-
cess copies it to procesg which will be activated. Activation ~ cess delay and the propagation delay. The access delay is the
times for the delivery process are fixed in the MHTT just as time a message queued at the sending processor spends
explained earlier for the message transfer process. waiting for the use of the communication channel. jyvee

The number of activations of the message transfer and de-2lso account for the execution time of the message transfer
livery processes depend on the number of frames transferredprocess (see section 2.2). The propagation delay is the time
and they are taken into account in our analysis, as well as thdaken for the message to reach the destination processor

delay implied by the propagation on the communication bus. once physically sent by the corresponding TTP controller.
The worst case time, message m takes to arrive at the com-

3. Problem Formulation munication controller of the destination node is determined in
We model an application as a set of processes. Each proced45] using the arbitrary deadline analysis, and is given by:
p;is allgcatgd to a certain processor,_has aknown worst-casey | = q= ([)T,]?_,X o (Wi(@) + Xpy(@) —a Ty, where the
execution time ¢ a period T, a deadline Pand a uniquely . .
) o o term w_(q)—qT,is the access delayX (q) is the
assigned priority. For aperiodic processeggepresents the m m . m
e . X . . propagation delay, and,Jlis the period of the message.
minimum time between successive arrivals. @énsider a L
. . X . . In [15] an analysis is given for the end-to-end delay of a
preemptive execution environment, which means that high- . .
o : : message m in the case of a simple TDMA protocol. For
er priority processes can interrupt the execution of lower =~ @+ 1P +1_(w(q)
priority processes. A lower priority process can block a this casew,(a) = ms m
higher priority process (e.g., itis in its critical section), and . P . .
the blocking time is computed according to the priority ceil- P is the number of packets of message fishe size of

. e slot (in number of packets) corresponding to m, gpd |
ing protocol. Processes exchange messages, and for eac : ;

S ; .~ is the interference caused by packets belonging to messages
message awe know its size §;. A message is sent once in

! . . of a higher priority than m. Although there are many
every n, invocations of the sending process, and has a . . .* . .
. e . similarities with the general TDMA protocol, the analysis in
unique destination process. Each process is allocated to

fhe case of TTP is different in several aspects and also

Trpma » Where




differs to a large degree depending on the policy chosen for p; = | = |

message scheduling. P2 :q:

Before going into details for each of the message sched- P3 ] : | - E——o

uling approaches, we analyze the propagation delay and the Sl" | ﬁ' -mz | my ' "HF
message transfer and delivery processes, as they do not de-p, | | |
pend on the particular message scheduling policy chosen. ps | —
i b | | | T |
The propagatlon delay Xof amessage m se_nt aspartofa D mzl ml' mzl m
slot S, with the TTP protocol, is equal to the time needed for Pt = | b= |
the slot S to be transferred on the buss. This time depends P2 [— | — |
. . Ps b= | =

on the slot size and on the features of the underlying buss. ¢ T T

The overhead produced by the communication activities my My my my

must be accounted for not 0n|y as part of the access de|ay forI:I Release Jitte@ Running procelll  Messhge Process activhtion Deadline
amessage, but also through its influence on the response time ~ Figure 5. Optimizing the MEDL for SM and MM

_of processes_running on the same processor. We considerthi,snessage, there is no interference among messages. If a
influence during the schedulability analysis of processes 0Nmessage m misses its slot it has to wait for the following slot
each processor. We assume that the worst case computatiofssigned to m. The access delay for a message m in this
time of the transfer process (T in Figure 3) is known, and that gpproach is the maximum time between consecutive slots of

it is different for each of the four message scheduling ap- ine same node carrying the message m. We denote this time
proaches. Based on the respective MHTT, the transfer PrOby Tmyay illustrated in Figure 4.

cess is activated for each frame sent. Its worst case period is * |, this case, the worst case arrival timg af a message
derived form the minimum time between successive frames.m pecomes Tt Xy Therefore, the main aspect influ-

The response time of the delivery process (D in Figure encing the schedulability analysis for the messages is the
3): Igeliver iS part of the communication delay. The influence \yay the messages are statically allocated to slots, resulting
due to the delivery process must be also included when an-yifterent values for Thhax TMmax as well as X,, depend
alyzing the response time of the processes running on the regn, the slot sizes which in the case of SM are determined by
spective processor. We consider the delivery process duringhe sjze of the largest message sent from the corresponding
the schedulability analysis in the same way as the messaggode, plus the bits for control and CRC, as imposed by the
transfer process. protocol.

The response times of the communication and delivery  pyring the synthesis of the MEDL, the designer has to al-
processes are calculated, as for all other processes, using thgcate the messages to slots in such a way that the process set
arbitrary deadline analysis from [15]. . isschedulable. Since the schedulability of the process set can

The four approaches we have considered for scheduling 0fpe influenced by the synthesis of the MEDL only through the
messages using TTP differ in the way the messages are allory, . narameters, these parameters have to be optimized.
cated to the communication channel (either statically or dy- | et ys consider the simple example depicted in Figure 5,
namically) and whether they are split or not into packets for \ynere we have three processes,[p, and @ running each
transmission. The next subsections present an analysis fop, gifferent processors. When procesg$ipishes executing
these approaches as well as the degrees of liberty a designef gends message;no process pand message o pro-
has, in each of the cases, when synthesizing the MEDL.  ¢ess p. In the TDMA configuration presented in Figure 5 ),

4.1 Static Single Message Allocation (SM) only the slot for the CPU running;jis important for our dis-

The first approach to scheduling of messages using TTP iscu_ssior_1 and t_he other slots are representeq with light gray.
to statically (off-line) schedule each of the messages into aW'tE this co;ﬁ%uratéoz, wr:jerﬁ the messaggu?lwallotczztetd
slot of the TDMA cycle, corresponding to the node sending to the rounds 1 an and the messageismallocated to

the message. We also consider that the slots can hold eacfpunds 2__and 3, procesg misses Its deadline because of_the
at maximum one single message. This approach is wel release jitter due to the messaggimround 2. However, if

suited for application areas (like automotive electronics) V€ have the TDMA configuration depicted in Figure 5 b),

where the messages are typically short and the ability toWhere m s allocated to the rounds 2 and 4 anglisallocat- :
easily diagnose the system is critical. ed to _the rounds 1 and 3, then all the processes meet their
As each slot carries only one fixed, predetermined deadlines.
™ X, 4.2 Static Multiple Message Allocation (MM)
max

. ™. .m’. > This second approach is an extension of the first one. In this
e L o approach we allow more than one message to be statically
Figure 4. Worst case arrival time for SM assigned to a slot, and all the messages transmitted in the




same slot are packaged together in a frame. In this case therBurther, we calculate the worst case time that a message m
is also no interference, so the access delay for a message mpends in theDut queue. The number of TDMA rounds
is the same as for the first approach, namely, the maximumneeded, in the worst case, for a message m placed in the
time between consecutive slots of the same node carryingqueue to be removed from the queue for transmission is

the message m Thax . Sn* I where §, is the size of the message m agdisS
However, this approach offers more freedom during the S

S

synthesis of the MEDL. We have now to decide also on how the size of the slot transmitting m (we assume, in the case of

many and which messages should be put in a slot. This al-DM, that for any message X, <S, ). This means that the

lows more flexibility in optimizing the T, parameter. To  worst case time a message m spends iDtlieueue

illpstrate thi_s, let us consider the same example erict_ed iNig given b Sntlm Troma » Where Foua is the time

Figure 5. With the MM approach, the TDMA configuration s

can be arranged as depicted in Figure 5 c), where the mestaken for a TDMA round.

sages m and nyp are put together in the same slot in the To determine the ternw,(q) —gT,, that gives the access

rounds 1 and 2. Thus, the deadline is met, and the release jitdelay (see Section 4)y,,(q)  is determined, using the arbi-

ter is further reduced compared to the case presented in Fitrary deadline analysis, as being:

gure 5b) Whgre the deadlines Were”also met but the proces%m(q) _ ((q +1)S,+ 1y (w(a)) Troua- Since the size of

psz was experiencing large release jitter. S,

4.3 Dynamic Message Allocation (DM) the.messaggs.is given'with the applicqtion, the parameter
) i that will be optimized during the synthesis of the MEDL is

The previous two approaches have statically allocated on€e gjot size. To illustrate how the slot size influences the

or more messages to their corresponding slots. This t,hirdschedulability, let us consider the example in Figure 6 a),
approach considers that the messages are dynamicallyyhere we have the same setting as for the example in Figure
allocated to frames, as they are produced. 5 a). The difference is that we consider messagbaming a

_ Thus, when amessage is produced by a sender process ffigher priority than message,rand we schedule dynami-

is placed in th®©utqueue ordered according to the priorities cally the messages as they are produced. With the TDMA

of the messages. At its activation, the message transfer Progonfiguration in Figure 6 a) message mill be dynamically

cess takes a certain number of messages from the head Qfchequled first in the slot of the first round, while message
the Out queue and constructs the frame. The number of m, will wait in the Out queue until the next round comes,

messages accepted is decided so that their total size does NBlus causing the process{o miss its deadline. However, if
exceed the length of the data field of the frame. This length is ;o enlarge the slot so that it can accommodate both messag-
limited by the size of the slot corresponding to the respec- es, message s1ioes not have to wait in the queue and it is
tive processor. Since the messages are sent dynamically, W&, nsmitted in the same slot ag.herefore pwill meet its

have to identify them in a certain way so that they are rec- yeqjine, as presented in Figure 6 b). However, in general,
ognized when the frame arrives at the delivery process. Wejncreasing the length of slots does not necessarily improve
consider that each message has several identifier bits apye gchedulability, as it delays the communication of messag-

pended at the beginning of the message. es generated by other nodes.
Since we dynamically package the messages into frames

in the order they are sorted in the queue, the access delay top; — | = |
the communication channel for a message m depends on theP2 S —  S—
number of messages queued ahead of it. Ps b= | b= |
.. a)l I | T | | T

The analysis in [15] bounds the number of queued ahead — my 2 — myg my
packetsof messages of higher priority than message m, as p; | A | | t |
in their case it is considered that a message can be split into,  — b= |
packets before it is transmitted on the communication chan- b)t — T
nel. We use the same analysis, but we have to apply it for the p; — | E |
number ofimessagemstead that of packets. We have to con- P2 t - I I I |
sider that messages can be of different sizes as opposed td* o | ——— IJ:I

. . c)l || | —

packets which always are of the same size. M1 M/packet 1 m@ketz My Map/packet 1M2/packet 2

Therefore, the totakize of higher priority messages El == | \ \
queued ahead of a message m in a wingas: pg f— | | = | |
(W) = DZ (W_J'Trs( Jﬂsj where $is the size of the dt

0j dhp(m) ]

message inrs(j) is the response time of the process send- [ Release JitteE Running procell  Messdge Process activhtion Deadline
Ing message I“a”d T is the period of the messagg m Figure 6. Optimizing the MEDL for DM and DP



4.4 Dynamic Packets Allocation (DP) process set and to synthesize the MEDL of the TTP control-
This approach is an extension of the previous one, as welers in a close to optimal way. The MEDL is synthesized ac-

allow the messages to be split into packets before they arecording to the optimization parameters ava?lable.for each of
transmitted on the communication channel. We considertn€ four approaches to message scheduling discussed be-

that each slot has a size that accommodates a frame with th&re- In order to guide the optiEnization process, we pe"ed a
data field being a multiple of the packet size. This approach cost function that captures the “degree of schedulability” for

is well suited for the application areas that typically have & certain MEDL implementatign. Our cost function is a
large message sizes, and by splitting them into packets wenodified version of that in [12]:

can obtain a higher utilization of the buss and reduce the fi1= .Zlmax(o, R —D;),iff;>0
release jitter. However, since each packet has to be identi-  cost function = 'R _
fied as belonging to a message, and messages have to be fo= ilei =Dy, iffy=0

split at the sender and reconstructed at the destination, the \here n is the number of processes in the applicatipn, R
overhead becomes higher than in the previous approachesis the response time of a processgnd 0 is the deadline of

For the analysis we use the formula from [15] which is g processplf the process set is not schedulable, there exists
based on similar assumptions as those for this approach: at least one Rhat is greater than the deadling Berefore

w, () = ((q + 1P+ Iy(W(9)) Troma Where R, is the the term § of the function will be positive. In this case the
Sp cost function is equal to,;f However, if the process set is
number of packets of message rgisthe size of the slot  schedulable, then all;Rre smaller than the corresponding
(in number of packets) corresponding to m, and deadlines D In this case { = 0 and we use,fas the cost
(W) = DZ (WJ' rs(j)}pj , where Ij:’is the number function, as it is able to differentiate between two alterna-
0j OAp(m) j tives, both leading to a schedulable process set. For a given
of packets of a messagg.m set of optimization parameters leading to a schedulable pro-

In the previous approach (DM) the optimization param- cess set, a smalles fneans that we have improved the re-
eter for the SyntheSiS of the MEDL was the size of the slots. sponse times of the processes, SO the app“cation can be
Within this approach we can also decide on the packet sizepotentially implemented on a cheaper hardware architecture
which becomes another optimization parameter. Consider(With slower processors and/or buss). The release tipie R
the example in Figure 6 c) where messaggsint mpyhave  cajculated according to the arbitrary deadline analysis [15]
a size of 6 bytes each. The packet size is considered to be 4ased on the release jitter of the process (see section 4), its
bytes and the slot corresponding to the messages has a sizgorst-case execution time, the blocking time, and the inter-
of 12 bytes (3 packets) in the TDMA configuration. Since ference time due to higher priority processes.For a given ap-
message fhas a higher priority than git will be dynam- pjication, we are interested to synthesize a MEDL such that
ica”y scheduled first in the slot of the first round, and it will the cost function is minimized. We are also interested to
need 2 packets. In the remaining packet, the first 4 bytes ofeyaluate in different contexts the four approaches to mes-
my are scheduled. Thus, the rest of 2 bytes from message msage scheduling, thus offering the designer a decision sup-
have to wait for the next round, causing the proces®op  port in choosing the right approach for his problem.
miss its deadline. However, if we change the packet size to  The synthesis of the MEDL is performed off-line, before
3 bytes, and keep the same size of 12 bytes for the slot, wamplementing the application. This means that it is worth to
now have 4 packets in the slot corresponding to the CPUexplore the design alternatives and to try to derive near-op-
running p (Figure 6 d). Message yrwill be dynamically  timal solutions. Further more, the comparison of the four
scheduled firSt, and will take 2 packetS from the slot of the approaches detailed in Section 4 is meaningfu' 0n|y if we
first round. This will allow us to send ffin the same round, take the near-optima' value for each of them.
therefore meeting the deadline for p Thus, we have developed an optimization procedure

In this particular example, with one single sender proces- pased on a simulated annealing (SA) strategy. The main
sor and the particular message and slot sizes as given, thgharacteristic of an SA strategy is that it tries to find the glo-
problem seems to be simple. This is, however, not the caseya| optimum by randomly selecting a new solution from the
in general. For example, the packet size which fits a partic- nejghbors of the current solution. The new solution is ac-
ular node can be unsuitable in the context of the message%epted ifitis an improved one. However’ a worse solution
and slot size corresponding to another node. At the samecan also be accepted with a certain probability that depends
time, reducing the packets size increases the overheads dugn the deterioration of the cost function and on a control pa-
to the transfer and delivery processes. rameter called temperature [11].

5. Optimization Strategy In Figur_e 7 we give a short descripf[ion qf this algorithm.
An essential component of the algorithm is the generation

Our problem is to analyze the schedulability of a given of a new solution x’ starting from the current on®¥ The



simulated annealing cesses were used for experimental evaluation. Worst case

construct an initial TDMA round x"% computation times, periods, deadlines, and message lengths
reperatre = Initial temperature T were assigned randomly within certain intervals. For the
for i=1to temperature length TL communication channel we considered a transmission

now
now

generate randomly a neighboring solution x’ of X
delta = cost function for x’ - cost function for x
if delta < 0 then x"W =x'

speed of 256 kbps. The maximum length of the data field in
a slot was 32 bytes, and the frequency of the TTP controller

elsee nerate q = random (0, 1) was chosen to be 20 MHz. All experiments were run on a
g q< e—delct‘a_ltemperature {hen XNOW = ¢ and if Sun Ultra 10 workstation.
%nfd if For each of the 150 generated examples and each of the
femperature = o * temperature: four scheduling approaches we have obtained, using our op-
until stopping criterion is met timization strategy, the near-optimal values for the cost

return solution corresponding to the best schedule
Figure 7. The Optimization Strategy

neighbors of the current solutiof%® are obtained depend-

ing on the chosen approach. For SM, x’ is obtained from

x""py inserting or removing a message in one of its corre-

21 care that he Slts do not exceed the maximurn alloweq™" (e values obtained for the cost function.

size (depends on the controller implementation), as we can,. Thus, Figure 8 a) presentg the averpgece.ntgge'dea-

allocate several messages to a slot. For these t\;vo static apt—lm.18 qfthe cost function obtained by our optlmlz.atllon strat-
) egies in each of the four approaches, from the minimal value

roaches, we also decide on the number of rounds in a cycle .
?e.g. 2. 4.8, 16: limited by the size of the memory impli:- among them. The DP approach is generally the most perfor-

. . : L . mant, and the reason for this is that dynamic scheduling of
rnentmg the MEDL). _The ne|.ghbor|ng SOIUt.'on IS obtame_d messages is able to reduce release jitter because no space is
in the case of DM by increasing or decreasing the slots size

o . wai in the slots if th ket size is properl I )
within the bounds allowed by the particular TTP controller HEV\S/;?/OEIH bty ﬁssinogjsthetMeMp:;p(ra;;chewZ Ea%pgbté iiea’laswtggt
|rrr1%Ienr1entat|tc;]n, wh|lke Itn tige DP approach we also INCTEAS€ihe same result if the messages are carefully allocated to
or decrease the packet size. . slots by our optimization strategy. Moreover, in the case of

Eo.r.the implementation of this algorithm, the parameters bigger sets of processes (e.g., 400) MM outperforms DP, as
Tl §|n|t|al temperature), TI.‘ (tgmperature Iength)(cqolmg DP suffers form large overhead due to the handling of the
ratio), and the stopping Cf'te”"” have to be determined. Tr?eypackets. DM performs worse than DP because it does not
define the so called cooling schedule and have a strong |m-Split the messages into packets, and this results in a mis-
pact on the quality of the solutions and the CPU time con- . ' :
sumed. We were interested to obtain values for TI, TLand match between the size of the messages dynamically

that will guarantee the finding of good quality solutions in a queued and the slot size, leading to unused slot space that
"9 909 quality increases the jitter. Siderforms the worst as its optimization
short time. In order to tune the parameters we have first per

) “strategy has not much room for improvement, leading to large
formed very long and expensive runs on selected large exam- 9y P 9 9

les, and the best ever solution, for each example, has beeamounts of unused slot space. Also, DP has produced a
pies, o p'e, “MEDL that resulted in schedulable process sets for 1.33 times
considered as the near-optimum. Based on further experi-

ments we have determined the parameters of the SA al o-more cases than the MM and DM. MM, in its turn, produced
. . . P > O/ 89044 times more schedulable results than the SM approach.
rithm, for different sizes of examples, so that the optimization

time is reduced as much as possible but the near-optimal re- Together with the four approaches to message schedul-
P P ing, a so called ad-hoc approach is presented. The ad-hoc

sult is still produced. These parameters have then been use . . .
. . . roach perform heduling of m with ryin
by the large scale experiments presented in the following sec-gpp oach performs scheduling of messages without trying

: ) . to optimize the access to the communication channel. The
tion. For example, for the graphs with 320 nodes, Tl is 300, _ . i L
TL is 500 andu is 0.95. The algorithm stops if for three con- ad-hoc solutions are based on the MM approach and consid

secutive temperatures no new solution has been accepted er a design with the TDMA configuration consisting of a
P pted. simple, straightforward, allocation of messages to slots. The

6. Experimental Results lengths of the slots were selected to accommodate the larg-
est message sent from the respective node. Figure 8 a)

For evaluation of our scheduling approaches we first h hat the ad-h | T | ‘ d
used sets of processes generated for experimental purpos%. ows that the ad-hoc alternative Is constantly outperforme

We considered architectures consisting of 2, 4, 6, 8 and 10 y any of the optimized solutions: This shows that.by'o'pti-
nodes. 40 processes were assigned to each node, resulting [RZin9 the access to the communication channel, significant
sets of 80, 160, 240, 320 and 400 processes. 30 sets werlnprovements can be produced.

generated for each dimension, thus a total of 150 sets of pro- We were also interested to compare the four approaches

function. These values, for a given example, might differ
from one approach to another, as they depend on the optimi-
zation parameters and the schedulability analysis deter-
mined for each of the approaches. We were interested to
compare the four approaches to message scheduling based
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Figure 8: Comparison of the Four Approaches to Message Scheduling

with respect to the number of messages exchanged betweeBmbedded Systems”, Proc. Design Aut. & Test in Europe, 1998.
different nodes and the maximum message size allowed[3] H. Ermedahl, H. Hansson, M. Sjodin, “Response-Time
For the results depicted in Figure 8 b) and c) we have as-Guarantees in ATM Networks”, Proceedings of the 18th IEEE
sumed sets of 80 processes allocated to 4 nodes. Figure 8 gyeal-Time Systems Symposium, 274-284, 1997.
shows that as the number of messages increases, the diffef4] G. Fohler, “Joint Scheduling of Distributed Complex
ences between the approaches grow while the rankingpe”c’d'c and Hard Aperiodic Tasks in Statically Scheduled
among them remains the same. The same holds for the casg?Stéms”. Proc. the 1i’th_'EEE Real-Time SYStemS_Sy_mlp" 1?95'
when we increase the maximum allowed message size, witH>! H- Kopetz, Real-Time Systems-Design Principles for
a notable exception. We can observe that for large messag? istributed Embedded Applicationsluwer Academic Publ. 1997.
sizes MM becomes better than DP, since DP suffers from 6] H. Kopetz, G. Grunsteid|, "TTP-A Protocol for Fault

. Tolerant Real-Time SystemdEEE Computer27(1), 14-23, 1994.
the overhead due to packet handling.

We h | idered L le imol [71 C. L. Liu, J. W. Layland, “Scheduling Algorithms for
. € ‘t’we also considered a real-lite example implement- Multiprogramming in a Hard-Real-Time Environmenggurnal
ing an aircraft control system adapted from [15] where the ¢ e AcMm 20(1), 46-61, 1973.

ad-hoc solution and the SM approach failed to find a sched-ig; | onn, J. Axelsson, “A Comparison of Fixed-Priority and
ulable solution. However, the other approaches found static Cyclic Scheduling for Distributed Automotive Control
schedulable solutions, DP having the smallest cost functionapplications”, Proceedings of the 11th Euromicro Conference on
followed in this order by MM and DM. Real-Time Systems, 142-149, 1999.

The above comparison between the four message sched9] L. Sha, R. Rajkumar, J. Lehoczky, “Priority Inheritance
uling alternatives is mainly based on the issue of schedula-Protocols: An Approach to Real-Time SynchronizatiotEEE
bility. However, when choosing among the different Transactions on Computer39(9), 1175-1185, 1990.
policies, several other parameters can be of importance[10] P. Pop, P., Eles, Z., Peng, “Scheduling with Optimized
Thus, a static allocation of messages can be beneficial fronfcommunication for Time-Triggered Embedded Systems”, Proc.
the point of view of testing and debugging and has the ad- Int. Workshop on Hardware-Software C.OTdESIgI’I, 75.3-82, 1999.
vantage of simplicity. Similar considerations can lead to the [111 €. R.  Reevs, Modern Heuristic Techniques for
decision not to split messages. In any case, however, Optimi_ComblnatorlaI ProblemsBlackwell Scientific Publications, 1993.
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