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Abstract tolerance in particular, is built on hardware or/and soft-
ware replication.
This paper deals with the problem of pre-runtime al-  Nowadays a significant step, and some related activ-

locating and scheduling communicating periodic tasks in ities, is being emerging in the development process of
a distributed real-time system. The task system is mO-real-time computer control systems ; it is known as the
deled with independent periodic macro-tasks. The phys-"vajidated operational (or operative) architecture design”
ical architecture consists of a network of identical mono- [3, 12]. It consists, as soon as possible from the tradi-
processor sites, fully connected by a bus. Two mediumijonal design step, in mapping the entities of the software
access control protocols are considered : CSMA/CA and grchitecture onto those of the physical architecture, while
TDMA. Our objective is to find an allocation of tasks to0 verifying that the various constraints are met (even that
sites and a subsequent schedule for them such that the pesome specified criteria are optimized).

ggg:ﬂtyvﬂg &rggs?;g?f;fr;%Tit(ﬁmfh?;eo?taetﬁsilhe:g3gsclgﬁ? Our research work contributes towards this problem-
9 atic as far as it is concerned with techniques for pre-

e et =prtimecompingsllocatons of communicaing periodc
protocol are taken into account when the task schedule(}as.k sto processing nqdes na bus-like cﬁstnbuted system
is being built. Two algorithms for solving this problem Whlle_ takm_g into consideration the real-t|r_ne_ constr_alnts ;

: that is, being able to tell whether or not it is possible to

are presented : a clustering algorithm and a genetic algo- schedule tasks under the given assignment such that all of
rithm. e . :
their timing constraints can be met. It is the reason why
allocation and scheduling of tasks must be dealt with to-
) gether. Moreover since the end-to-end response times of
1. Introduction a distributed application may be affected significantly by
intertask communication, one must account for the effect
Real-time computer systems are increasingly involved of message scheduling and delays when task allocation
in various applications such as aeronautics, plant control,decisions are taken.
automotive embedded electronic, or patient monitoring. 45K assignment and scheduling problems are studied
In such critical domains, the real-time computer system is extensively for various software architecture and physi-
required to produce correct results not only in their values 4| architecture models [5, 6, 7, 8]. However a major-
but also in the times at which they are produced. To sat-jyy of works do not take into account the behavior of the
isfy such timeliness requirements, the execution times of hayyork : either they assume it is an unlimited resource
program units, or tasks, are constrained. This is a central,;i regard to task processing times (no communication
idea of our work. delay at all), or they consider it induces only a constant

Furthermore, real-time computer systems often require overhead, or they build an hand-made network sched-
distributed architectures to implement them. Some rea- )| [1, 18, 24, 25, 32]. On the other hand, our concern

sons are : a distributed architecture enables to take intopas peen to take into consideration the communication
account the natural geographical dispersion of the CoN-gdelays due to an effective medium access control proto-
trolled environment ; in some cases, the only way to meet ) [14, 28, 30]. For this, the well-known CSMA/CA and
timing constraints is to run programs on distinct process- TppMA medium access control protocols have been con-
ing nodes, in true parallelism ; dependability, and fault- gjgered : they are now largely used in embedded systems,

“IRCCyN : UMR P 6597 CNRS / Ecole Centrale de Nantes, Univer- 1N Particular automotive ones as CAN [26] and TTP [31]
site de Nantes / Ecole des Mines de Nantes. respectively.




The above problem of allocating and scheduling tasks
in a distributed system is computationally complex (NP- |
hard), so it appears to be advantageous to use heuristics;
to find acceptable solutions in a reasonable time. To cope f\
with complexity, constructive heuristics can be used like
list algorithms [18, 32], or clustering algorithms [1, 25,
27]. Another group of methods dealing with it is non-
guided search heuristics like tabu search, hill climbing, ;
simulated annealing [6, 9, 11, 30], or genetic algorithms macro-task G,
[2, 10, 15, 22]. In this paper, a clustering algorithm as
well as a genetic algorithm are presented. They are both
adapted from algorithms we developed previously for a
very connected problem and which proved to be efficient.
The paper is organized as follows : the next section is 2.2. The physical architecture
a description of the problem (software and physical archi-  The considered physical architecture is a local area net-
tecture, with a focus on the two medium access protocol work of mono-processor sites. All sites are assumed to be
CSMA/CA and TDMA). The third section is dedicated to identical. They are fully interconnected by a shared broad-
the bus scheduling problem. Two allocation algorithms cast bus. Each site contains the following elements :
are presented in section four : a clustering algorithm and
a genetic algorithm. The fifth section details the experi-
mental results (including a description of the benchmark).
Finally, the sixth and last section is the conclusion.
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Figure 1. A software architecture

e a scheduler: we consider a real-time scheduling
problem with precedence constraints. We do not
know any on-line algorithm able to solve efficiently
this type of problem, that is why each site owns an
off-line scheduler which simply follows a scheduling

2. Description of the problem table (built before run-time). Because of the periodic
behavior of the macro-tasks, the described schedul-
2 1. The software architecture ing can be restricted to the intervi@, L], where L

is the least common multiple of the period of the

In a distributed real-time system, many independent
macro-tasks.

software units can co-exist. Each of them is dealing with
a SpeCifiC control function of the controlled process. Usu- e a communication system: it passes the data from

ally, these units are organized as a set of communicating  producers to consumers. If two communicating tasks
tasks. We consider software architectures built on such a are allocated to the same site, the communication

model. ThUS, a software architecture is modeled as a set uses shared memory (and the communication de|ay

G ={G;, i =1,..., g} of g periodic, independent, hard is negligible). If they are allocated to different sites
real-time macro-tasks. The deadline for the execution of a . the shared broadcast bus is used to achieve the
macro-task is equal to its period. A macro-taskis de- communication. To handle this, there is a network
fined as a tuplé€r, = (7}, E;, 7;) and can be represented adapter on each site.
by a directed acyclic graph (cf. figure 1) :
o T, = {tij, j = 1,..,n;} denotes the set of tasks of wplcation || ppicdion | | appucation apcation

G; (the nodes of the graph). Each task of this set e B e Il o o

is valued by its worst case execution time (to be em | jk ' ﬁ'&‘wjk ' ﬁgt]wzcrk '

estimated by timing analysis programs) ; adapter adapter adapter

o [, = {eijl,j =1,.,n4 1 = 1,..,’1%} is the set - - -
of oriented edges of the graph which symbolize the Figure 2. A physical architecture
inter-task communications. The edges are valued by

i+1, the size of the data to be exchanged in bytes ; .
€ijl 9 y For the moment, we have two medium access control

(MAC) protocols : the CSMA/CA protocol (Carrier Sense
Multiple Access / Collision Avoidance, used by the CAN

] ] network [26]) and the TDMA protocol (Time Division
The behavior of tasks is assumed to follow the "data- \ytiple Access, used by TTP [31]).

flow” model : when activated (after the completion of all
its pr_edecessors), a task starts by re_admg.|ts input data 221 Overview of the CSMA/CA protocol
then it computes results from them ; finally it sends those

output to its successors. In such a model, no synchroniza-CSMA/CA is a medium access control protocol based on
tion is allowed during the computation step of any task. the CSMA strategy. It is well-suited for real-time systems

e andr; is the period of the macro-tagk;.



and embedded applications in particular, because it offers
a deterministic collision resolution mechanfsrvith this
property, it is possible to compute the end-to-end commu-
nication delay of a frame, or at least an upper bound for it
[29].

The first field of a CSMA/CA frame is called the arbi-
tration field. Itis the binary code of the frame’s priority (in
the CAN 2.0A standard ( [26]), this field is 11 bits long.
This allows2'! priorities. In CAN 2.0B, it is 29 bits long
(229 priorities)). This priority is used by the collision ar-
bitration process : the frame with the lowest priority wins
the exclusive access to the shared bus. It is also used as an
identifier for the filtering of the incoming frames.

For a real-time system, this mechanism has to be effi-
cient, ie. the overhead must be minimal. In a CAN net-
work, the overhead is null (no frame are destroyed during
the collision arbitration). The communication channel can
be in two states : dominant (0) or recessive (1).

e it is in the dominant state if one site (at least) of the
network is sending a dominant bit.

e it is in the recessive state if all the sending sites are
sending a recessive bit.

A dominant bit overwrites all recessive bits : the com-
munication channel behaves like the XOR function.

While sending the arbitration field of a frame, the net-
work adapters are monitoring the bus : as long as the state
of the bus is equal to the bit sent, it can goes on ; if there
is a difference, it must stop and continue with a receiving

D:from sitel |:|:from site2 ..

|

TDMA Round
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Figure 3. Medium Access Control with
TDMA

e every site of the network is assigned to exactly one

slot in the "TDMA Round”, and it is always the same
(ie. always the first of the round or always the third
or...). Thisis illustrated in figure 3.

e each communication system contains a dispatching

table that contains the information : "which site is
allowed to send which message at a particular point
in time”. This table is built before run-time. The ta-
ble covers a period called the "cluster cycle”. When a
cluster cycle is over, a new one begins with the same
table. For our model, the length of the cluster cycle is
equal to the least common multiple of the production
periods of the data units (ie. the least common mul-
tiple of the periods of the macro-tasks). The usual
name of the table (in TTP) is MEDL for "MEssage
Description List”.

operation.

In our model, data productions are periodic. For 3. Bus scheduling
CSMA/CA, this means that two frames used to transport
two instances of the same data unit will have the same In a real-time System’ tasks have t|m|ng requirements
identifier (ie. the same priority). We are limiting ourselves (they must execute before a deadline). When two tasks
to the case where a frame contains a Single data and Whergre Communicating, the end-to-end communication de]ay
a data is contained in only one frame (this imposes to limit myst be bounded in order to allow the consumer to meet
the size of data to the size of the data field of a fr%)'.ne its t|m|ng requirements_ The value of such a bound de-
pends on both the deadline of the producer and the dead-
line of the consumer.

On the one hand, messages have timing requirements ;
TDMA stands for Time Division Multiple Access : itisa on the other hand, the communication channel is a shared
medium access control protocol based on temporal mul-resource. So, in addition to solve the task scheduling prob-
tiplexing of data. It is the MAC protocol used by TTP lem, we have to solve a bus scheduling problem.

[17, 31]. Like CSMA/CA, it is deterministic and well- In case of concurrent accesses to the bus, it is the MAC
suited for real-time systems. protocol which chooses the frame to be sent. To solve our

As shown in figure 3, the TDMA protocol divides time  bus scheduling problem, we have to control the behavior
into slots. During a slot, a frame can be sent. One slot is of the MAC protocol, ie. to analyze and exploit the proto-
owned by one site. The owner site is the only one allowed col functioning. Thus, the concurrent frames will be sent
to send data for the duration of the slot. in an order which fulfills the constraints.

We consider a network with a TDMA protocol and the To control the behavior of a CSMA/CA-based net-
following features (from the TTP network) : work, we must conveniently allocate priorities to frames.
The CSMA/CA protocol has the same behavior as a non-
preemptive fixed-priority scheduler. If the software archi-
tecture was appropriate, well-known task scheduling al-
gorithm like "Rate Monotonic” (which has been proved

2.2.2 Overview of the TDMA protocol

1CSMAICA is not the only CSMA-based protocol with a determin-
istic collision resolution mechanism. One can mention CSMA-DCR or
DOD/CSMA-CD [19]
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optimal) could be used for the priority allocation [20]. from data produced on the same site, which ones must be
Unfortunately, we do not know any optimal algorithm for sent during the next slot of that site ? To answer this ques-
our software architecture model, so we have tried different tion, we need to evaluate the importance of data :
heuristic strategies :

e by one of the three strategies designed for the

the first ives the st t priority to the f
e the first one gives the strongest priority to the frame CSMAJ/CA protocol -

which transports the data with the highésts uti-
lization (BU). The BU is defined as the ratio of the

frame propagation delay to the data production pe- ® PY @ new strategy, based on temergencyof the

riod.

¢ the second strategy gives the strongest priority to the
frame which transports the data with the smallast

data. The emergency is equal to the LST minus the
real production time. This strategy can not be used
with CSMA/CA because it can give a different pri-

ority to two frames transporting two instances of the

ity. The laxity of a data unit is equal to the "latest same data.

sending time” (LST) of the data minus the "earliest

sending time” (EST) of the data. This times are com-

puted from the graph of the macro-task. We need . .

also to know a relative allocation of the tasks on the EST(eijk) = EST(tij) T i 1)

sites (we need to know which data are to be sent over
the bus). The EST is climbed down from the root
of the graph. It is the earliest production time of the
data instance. The LST is climbed up from the leaves EST(tﬁ ) — max
of the graph. If the data is sent after this date, it is !

sure that one of its successors will miss its deadline.
For the computation of these values, we approximate
the end-to-end communication delay to the physical
propagation delay (we do not take into account the

(- 1)Ti,I(IillaX (EAD (eﬁyj))> (2)

iyJ

if alloc(¢;,) # alloc(t;;)
1yJ

EAD (e!,;) = EST(e! ,)+{ ﬁ(cm)

¢ Y else
medium access delay). (3)
The EST of thd!h instance of messagg;; is com-
puted with formula 1. The EST of thé&D instance LST (t;;) = min (LST (¢};,) — gij) (4)
of task¢;; (which is the Earliest Starting Time of Cije
tﬁj) is computed with formula 2. To compute this,
one need to compute the Earliest Availability Time .
of its incoming message (formula 3). The function | g7 (chy) = LST (i) — { ¢ (ciji) ifalloc(ty;) -
¢ computes the physical propagation time of a mes- ik ik 0 else

sage. The LST of thé instance of message;;is (5)
computed with formula 5 and the LST of A& in-
stance of task;; (which is the Latest Starting Time
of tﬁj) is computed with formula 4.

4. Algorithms

In this section, we present the two algorithms that were
developed to solve our problem. Our problem is a NP-
hard search problem, so we decided to use algorithms
¢ Pased on heuristic techniques : a clustering algorithm and
a genetic algorithm. Previous versions of these algorithms
have been studied in [6, 5, 4, 21]. These versions have
been modified later so as to include a realistic network
management, as described in [13].

e the third strategy gives the strongest priority to the
frame which transport the data produced with the
smallestperiod. In our case, this strategy must be
combined with an other one : all the data exchange
in a macro-task have the same production period
(equal to the period of the macro-task). To decide
between them, we use the second strategy (laxity).

For the TDMA protocol, we can completely determine
the behavior of the protocol by building the MEDL. To 41 The clustering algorithm
construct it, we need to knpw the product.lon time of the This clustering algorithm has been initially designed
data, so we must construct it while computing the schedul—and studied in [6, 4] and is inspired from the work de-
ing of tasks on the sites (we can not do it after because We ribed in [25]. it é)perates tWo Steps :
need to know the behavior of the bus to construct the sites ' ’
schedules).

Most of the MEDL information are coming directly
from the task scheduling. In fact, we have only one prob-
lem to solve : in case of concurrent accesses to the bus ® an allocation/scheduling step.

e aclustering step ;



4.1.1 The clustering step newly available), the algorithm tries to allocate and sched-
ule the actually ready tasks to the actually free sites. This
operation is based on a search tree where each node is an
arrangement of tasks on sites. This exploration is guided
by the latest start time of the tasks.

As soon as a task is scheduled, its outcoming messages
are passed to the network management function which

erates cons_tramts on the allocation. Thu_s, the seco_nd Stel%omputes the availability dates of these messages for their
of the algorithm can perform an exhaustive exploration of consumers

the resulting small search space (which may contain no For the first try, the communication fact@f is set to

valid solution). 0. If the function fails to find a valid solution, the com-

Here are the rules followed by the clustering step for ., \nication factoCFis increased by.1. This is repeated
the creation of the clusters :

The purpose of the clustering step is to create clusters of
communicating tasks. Later, during the allocation step, all
the tasks of a cluster will be allocated to the same site (as
a result, the communication link between these two tasks
will be withdrawn). In this way, the clustering step gen-

while CF< 1.
e two communicating tasks may be clustered if and , -
only if the bus utilization of their communication link The Clustering Algorithm
is high (compared to the bus utilization of the other 1" Init
communication links of the architecture) : t0.do— {ti1,t12, s by }
readytasks— 0
, freesites— {h1, ha,...,hy}
CZ—J_Z > CFx max Coyz (6) time < 0 '

Ti ery2€L:, B €G Ty

/I Clustering step

CFis thecommunication factor. CF € [0, 1]. Itis a computeclusters ()

parameter of the clustering function. Whéf = 0, /I Allocation - Scheduling step

all the communicating tasks may be clustered ; when —readytasks = updateeadytasks (tado, time)
CF = 1, no couple of communicating tasks satisfies| While [to_do| # 0 V |freesiteg 7 0 do

condition 6. if time_ok (time)then
if existsalloc_sched (readyasks, freesites)then
e all clusterC must meet condition 7 : alloc_sched (readyasks, freesites)
free sites— updatefree sites ()
qij <1 7) tp_do «— to_do -_readytasks
sy T time « updatetime ()

readytasks«— updatereadytasks (tado, time)
with this second rule, the clustering function can not else
build clusters which need a computing power greater exit (fail)
than the computing power offered by a single site. end if
This rule is especially used when condition 6 allows else
to cluster two tasks which are already in clusters. exit (fail)
If condition 7 is satisfied, the two clusters can be end if
merged_ end while

exit (success)

4.1.2 The allocation/scheduling step

This second step allocates tasks to site and tries to build
valid schedule. The allocation must verify the following
constraints (produced by the clustering step) :

4.2. The genetic algorithm
A genetic algorithm (GA) is an optimization method
developed by Holland [16] to mimic the adaptive mech-
anism of natural systems : a GA search for an optimum
all over the solution space of the problem to be solved.
Several points (the population) of that space are simulta-
e two communicating tasks from two different clusters neously explored. Each of these points is represented by
must be allocated to different sites. an individual (of the population). An individual is a coded
representation (a chromosome) of a solution. To find an
To build the allocation and the scheduling, the algo- optimum, the GA creates new individuals through evolu-
rithm uses a list of ready tasks (a task is ready when all tion operators like crossover and mutation. The fithess of
its incoming messages are available and its starting timethese new individuals is evaluated in order to select a new
is over), a list of free sites and a variable to represent the population (generally composed of the fittest individuals
time, as shown in algorithm above. At each decision point from the former population and the fittest new individu-
in time (when a site becomes free or when a message isals).

o all the tasks of a same cluster must be allocated to the
same site ;



The keys ofaGA are. task : U 12 t13 t14 t15 tle t21 1M 23 24 2% U 21 28 tzg Elo
allocation: | 1(3|4|4|1(3|2|3|1[3|4|4|1|4|2]4

priority (1) [12| 5 19| 3 |(7)| 4 |16|(D)| 9 |20|18|(2)|15|11|(6)|13
priority (2): |14(17|21| 8 [22|10

¢ the coding

macro-task G2

¢ the evolution operators macro-task G1
Figure 4. A chromosome

e the fitness function
¢ the population replacement strategy 4.2.2 The crossover and the mutation operator

We have worked with a GA designed and studied pre- The coding allows the use of classical evolutionary oper-
viously in [21, 22]. The pseudo-code for this algorithm is ators. Thus, the crossover operator used is the one-point
given below. crossover operator, as illustrated by figure 5. Two new

individuals (called children) are created from two chro-

The Genetic Algorithm mosomes (called parents). This operator can create in-
I Init valid individuals (the chromosome of this individual does
not represent a feasible schedule). When created, these
individuals are repaired. The parents are selected by the
"roulette wheel” selection with linear normalization fit-
ness [22]. This technique gives preference to the fittest
individuals, without totally excluding the weakest ones.

generation— 1
population— generatenit_population ()
evaluate (population)
/I Start of the optimization process
repeat
children« crossover (population, prolEoss)
children«— mutation (children, probaut) chromosomes of the parents chromosomes of the childrens

evaluate (children)
population«— populationJ children :F

population— selection (population)

generation— generatiors-1
until (3i € populatioryfitnesgi) = 0) v (generation= F
max.generatiol
/I Did we found a solution ? Crossover point
if 3i € populatiory/fitnesgi) = 0 then Figure 5. Crossover operator
exit (success)
else
exit (fail)
end if

The purpose of mutation is to operate a little change
in the chromosome. The mutation operator used here ran-

domly chooses a gene in the selected chromosome and
changes its allocation for a new one (randomly chosen
too). This operator can create invalid individuals and

4.2.1 The coding muted individuals may need to be repaired.

The coding chosen here is very close to a direct represen-

tation (a coding is a direct representation if an individual

corresponds to exactly one solution of the search space)4.2.3 The fitness function

It can also be used with classical evolution operators. Itis

illustrated by figure 4. The optimization criteria used by our GA is the minimiza-
Each task;; of the software architecture is represented tion of the tardiness of the execution sequence correspond-

by a complex gene which includes both its allocation and ing to a chromosome. With such a criteria, an individual

a priority for each of its instances during the schedule (ie. with a null fitness is a valid solution : in the sequence

the least common multiple of the periods of the macro- corresponding to it, all the tasks complete their execution

tasks). This priority determines the execution sequencebefore their deadlines.

on each site (the task with the lowest priority is executed  To measure this tardiness, the function builds the al-

first). location and the schedule described in the chromosome.
On the chromosome represented in figurex4— 2 x This step uses the network management function in the

71. In the solution described by this chromosome, tagsk  same way as the clustering algorithm : once a task is

is allocated to site 1, task is allocated to site 3, etc. scheduled, its outcoming messages are given to that func-

The execution sequence of site 1 starts with tggkthe tion. The function returns back the availability date of

execution sequence of site 2 starts with tagk etc. these messages.



4.2.4 The population replacement strategy 5.2. The results

The purpose of the replacement strategy is to keep the size Table 1 gives the number of problems for which a fea-

of the population constant by eliminating individuals. Our §|ble task allocation and schedule has been found, accord-

. e ing to the bus access control protocol considered. It can
GA uses areally simple replacement strategy : it d|scardsbe seen that the bus access control protocol is a parameter
the weakest individuals of the resulting population (par- P P

ents together with their children) that acts upon the ability for the heuristics to find feasible
' solutions. The purpose of this paper is to focus on this
particular point but one can find another qualitative and

5. Performance analysis guantitative performance trends in [6].

Whereas we have done extensive experimentation with tocol ved bl
the algorithms, due to space limitations, here we show _protocol | solved problems

only some of the salient results. CSMA/CA 1312/1492
TDMA 1226/1492

5.1. The benchmark
In order to test the performance of the algorithms with

various architectures, a workload generator has been con-
structed to randomly create software architectures. The
generator takes a lot of parameters as inputs such as, for
example, the number of macro-tasks, the possible num-
bers of tasks in a macro-task, the possible periods of a
macro-task, the maximum number of tasks of the archi-
tecture, the laxity of the macro-tasks (here, the laxity is
defined as the ratio between the period and the amount o
processing time of a macro-task), the graph type, etc. For
a given combination of all these parameters, the genera
tor creates a software architecture accordingly. As for the
reported performance assessment, the main values hav
been chosen in the following way :

Table 1. Absolute success ratio per MAC
protocol.

Table 2 summarizes the obtained results expressed as a
relative success ratio. The relative success ratio of an algo-
rithm is defined as the number of problems solved by this
falgorithm divided by the number of problems for which a
solution has yet been found by any other algorithm. In-
deed, as mentioned in Introduction, the decision problem
“of knowing if a feasible allocation and schedule exists for
given software and physical architectures is NP-hard.

e the number of macro-tasks varies from2to0 5 ; | algo [ success | algo | success
. . clus| 93% clus| 90%
° tlhoe.number of tasks in a macro-task varies from 6 to ga 80 % ga 73%

e the period of a macro-task is equal either to 6@80 () CSMA/CA (b) TOMA

or to 7500us , or to 15.00Qus.

Each software architecture has then been combined
with a physical architecture in order to produce a prob-
lem to be solved by the heuristic algorithms. A physical
architecture has been characterized by its number of sites,
here 3, 4, or 5 sites. Before to run the heuristic algorithms,  Table 2 shows that the clustering algorithm has a bet-
the necessary unoverloading condition has been checkedier performance than the genetic algorithm. However
l.e. the sum of the macro-task utilization ratios must not we think that those performance values are upper limits
exceed the number of sites of the considered physical ar-for the clustering algorithm that could not be improved
chitecture. Thus it led to generate : whereas the genetic algorithm should have still potential
if its numerous parameters (population size, crossover and
mutation probabilities, number of generations, etc) are
closely settled in relation with the problem. Actually, the
e 528 distinct software architectures for a 4-site physi- clustering method is not convenient for some problems.

cal architecture ; As said in section 4.1, it introduces new assignment con-
straints which may reduce the search space to an empty set
of feasible solutions. On the other hand, the same prob-
lems can be solved by the genetic algorithm which does

That is to say that a set of 1492 distinct problems were not intrinsically limit the search space.
to be solved by each heuristic algorithm. Besides the genetic algorithm is able to compute fea-

Lastly, different versions of these algorithms have sible solutions with almost great BU (84% maximum
been implemented and analyzed : one for each messagér CSMA/CA and 52% for TDMA). It suggests that by
scheduling strategy as explained in section 3. adding a coded representation of the bus schedule inside

Table 2. Relative success ratio per algo-
rithm.

e 292 distinct software architectures for a 3-site physi-
cal architecture ;

e 672 distinct software architectures for a 5-site physi-
cal architecture.



the chromosomes, it should be possible to improve its re-their urgency evaluation on the same criteria, it is always

sults. Such an approach has yet been investigated in [23}he same messages that are identically favored. Further-

to schedule communications on a TTP network (whose more, one must not forget that these message scheduling

medium access control protocol is a TDMA one). strategies have a minor influence on the feasibility of a
Moreover previous tables show that the heuristic algo- solution.They are only considered after the task alloca-

rithms both work best when the medium access control tion and scheduling decisions have been made and they

protocol is CSMA/CA. The results shown in Tables 3(a) are taken into account only when some freedom is left by

and 3(b) reinforce this remark. These tables summarizethe bus access control protocol.

the average BU for the feasible solutions, as well as the

percentage of communications that have not been with-g Conclusion

drawn due to allocation decisions. It can be seen that in

case of TDMA protocol the bus is much less used than |, s haper, we have addressed the problem of allo-
in case of CSMA/CA. It leads us to think that the experi- cating and scheduling a set of periodic communicating

mented message scheduling strategies are not well-suiteg, , ., tasks to the processing nodes of a distributed real-
for the TDMA protocol. This drawback is bypassed by the g oystem. Task allocation is one of the most important
allocation algorithms that compute (in that case) solutions issues in designing distributed real-time systems. How-

which minimize the BU. ever this problem is generally known to be NP-hard even
without considering the precedence constraints resulting

: BU(solution from inter-task communications. Thus we have solved
algo | solution avg. BU BU%proBIem) our problem by heuristic techniques : a constructive one
clus 2.8% 4.3% known as clustering algorithm, and a no-guided search
ga 34.7% 44.2% one known as genetic algorithm.

Although a lot of research works have yet paid a great
(a) CSMA/CA attention to the allocation problem, very few studies are
conducted with a realistic model for the message com-

. BU(solution munication protocol. This is the fundamental motiva-
algo | solution avg. BU BU%proBIem; tion of our work. Two medium access control protocols
clus 0.04 % 0.8 % largely used in embedded systems have been considered
ga 13.4 % 20.2 % : CSMAJ/CA (implemented by CAN) and TDMA (im-

plemented by TTP). Moreover some message scheduling
(b) TDMA strategies have been taken into account.

The experimental analysis points out that the medium
access control protocol has an influence on the allocation
Table 3. Avg. reduction of the BU level by algorithm performance. In addition it illustrates the be-
the allocation heuristic (per protocol) havior of the heuristic algorithms : the clustering algo-
rithm trends towards the minimization of the message-
passing interactions between tasks whereas the genetic
algorithm does not. Even if those experimental results
show that the clustering algorithm is the best, we are con-

["politic | success | politic [ succesy vinced that the genetic algorithm can be improved. On
BU 99 % Bl_J 98 % thg one hand, we haye to pay much more attention to the
Taxity 99% Iax!ty 99 % adjustment of its various para}me.ters. And, on the other

period | 99 % period 98 % hand, some specific communication scheduling ||_1forma-
emergency| 98 % tion should be merged into the genetic representation so as

(a) CSMA/CA to be involved in the optimization process. Our purpose is

(b) TDMA now to go into the matter more closely, being inspired for

example by the approach developed in [23].
Our future work should also include research with re-
Table 4. Influence of the bus scheduling gard to some extensions of the considered models. First,
strategy. the model will be extended by allocation constraints. Such
constraints are frequent in real-time control systems and
express any specific resource requirement. Such resources
The relative success ratios of the different messageinclude the CPU, sensors, input-output devices, data struc-
scheduling strategies are presented in tables 4(a) and 4(b}ures, files, or databases. Resource constraints restrict the
They are all excellent and their likeness is not surprising. sites to which a task can be assigned : these sites should
All of them have the same goal : to give the preference to have the resources required by the task.
those data that are urgent. But, even if they do not base In addition, fault-tolerance requirements will be added.



When fault-tolerance is achieved via replication, fault- [16] J. H. Holland. Adaptation in Natural and Artificial Sys-

tolerance requirements of a task is specified by the number

tems The University of Michigan Press, 1975.

of replicates needed for it. Hence exclusion constraints [17] H. Kopetz and G. Gimsteid|. TTP - A Protocol for Fault-

have to be taken into account since the instances of a repli-
cated task (each instance is associated with the specifica
tions of the original task) have to be executed at different

sites.
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