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Abstract transmitted on the bus [2]. When periodic variables such

as control parameters are to be transmitted, it is usually

Transmission network induced jitter in periodic Possible to impose an adequate average transmission
control variables is a known problem on fieldbus based period. However, due to the interaction of the different
distributed systems for embedded control applications.variable periods and, often, of sporadic or aperiodic
This jitter can be reduced or eliminated if adequate traffic, it is rather difficult to obtain constant time
release instants are imposed to the periodic messageéntervals between successive instances of the same
transmitted. In this paper, jitter reduction is achieved periodic variable. The variations of the period are called
using a variant genetic algorithm that determines an jitter and instantaneous values can be defined for each
adequate initial phasing. This algorithm can be used instance k of each parameter i transmitted in a
progressively, i.e., it can work first on a subset of the correspondent message:
messages, thus finding solutions for the higher priority ji,k =tsi,k — (k * Ti + ®i)
ones, and later including the other messages until the In the previous expression,tis the start time of the
whole set is considered. Experimental results obtainedtransmission of the instance k of message / parameter i,
with two well-known and widely used benchmarks, theT, is the period an@, is the initial phasing at the start-up
PSA, coming from automotive industries, and the SAEOf the system.
from Automatically Guided Vehicles, show complete The overall system jitter (OSJ) defined as:
elimination or a significant decrease of jitter when i
compared to non-optimized systems. M &

0SJ= ; Zl Jix

can be used as an integral measure of the problem. In
this case this measure is considered in a time interval of
interest, I, equal to the Least Common Multiple (LCM)
of the periods Tof the M periodic messages included in
%he set.

The problem of jitter in periodic control variables has
been already identified in [3] where several scenarios of
this problem were studied. That was the case when more

close as possible to the desired value, in distributedtham one sample occurs in the same period which leads
systems thF?s may not be true due to the r'1eed to transmi0 data rejection and when there is no sample in that
y y o . interval which is known as vacant sampling. More
data over a shared communication medium.

o . . . recently, in [4] the degradation of performance in
Most distributed systems g|ther '”dus”.'a' 9" feedback control loops subject to jitter in the sampled
embedded, rely on a serial communications

infrastructure known as fieldbus [1] to interconnect a setand in the actuation variables (called read-in and read-
N [ ] _ . _out jitter) was analyzed. In [5] the effect of jitter due to
of nodes. Some sort of arbitration is then used to decide

in each time instant, which information will be message transmission in CAN — Controller Area
’ Network [6] is shown to affect the phase margin of a

1. Introduction

Distributed systems are today widely used in control
applications. In these, control tasks such as dat
acquisition, control algorithm execution, system
identification, actuation, are often carried out in different
nodes of the system. While in stand-alone classical
controllers the sampling period can usually be kept as



control loop. These and other examples demonstrate thescheduling algorithm used can build the initial table
need for further research in jitter minimization as it is considering the simultaneous release of the first instance
pointed in [7]. of all the periodic messages in the skt£ 0). The jitter

In this work, it is proposed the use of genetic minimization algorithm will generate successive
algorithms to reduce network induced jitter in control intermediate scheduling tables in which changes in the
variables transmitted on a distributed embedded systemmessages initial phasing were imposed. One of these
A variant algorithm, which we called Progressive tables will become definitve when no further
Genetic Algorithm (proGA), is also proposed as a meansimprovement is found in the OSJ value.
to obtain progressively better solutions for the problem. Examples of common fieldbuses where this technique
Its performance is compared with the simple geneticcan be applied are FIP [8], TTP [9] any time triggered
algorithm. Moreover the variant algorithm is also well systems in general. The future standardization of time-
suited for application in a real-time on-line jitter triggered CAN (ISO TC22/ SC3/ WG1/ TF6) will then
optimization device as intermediate solutions can bebe a candidate to apply the technique during the
used during the process. scheduling of the time slots in which each node will

This paper is structured as follows: next section transmit its periodic data.
contains a brief overview of how this technique can be As it is explained later, a variant of the algorithm
used in fieldbuses; in section 3 the genetic algorithmscalled proGA can be applied starting the jitter
used are introduced and the modeling of the problem isminimization in a subset of the messages, in principle the
presented; in section 4 the experiments conducted on twanes with higher transmission priority. After, all the
message sets usually used as benchmarks for thether messages will be considered if required. This
automotive industry are described and the results ardeature opens the possibility to apply the algorithm on-
briefly analyzed; finally, in section 5, some conclusions line, supplying the successive partial results to a
are presented and a short discussion on future work icommunications dispatcher. In this case, the

made. communication system must support on-line changes to
the set of periodic messages. FTT-CAN [10] is an
2. Applying jitter minimization in fieldbuses example of such a system where the use of this technique

is presently being considered.

Periodic Message Set 3. Progressive Genetic Algorithm
{m,, i=1..M}, { @i=0, i=1...M}

l 3.1. Genetic Algorithms
Genetic Algorithms (GA) are stochastic search
procedures inspired by the biological principles of
¢ natural selection and genetics [11] [12]. In spite of their
possible variants, GA can be described by the following
general procedure:

Scheduler

Intermediate { P i=1...M}

Scheduling Table Procedure GA
l t=0;
Initialize P(t);
Jitter Evaluate P(t);
Minimisation While stoping_criterion_falsedo
05J t=1t+1;
¢ Improved P'(t) = select_from P(t-1);
. . P”(t) = use_op_modification P’(t);
Final Scheduling Evaluate P(t);
Table P(t) = merge P"(t) , P(t-1)
End_do

Figure 1. Applying the jitter minimization

. The GA starts with a set of candidate solutions called
algorithm

a population, usually defined randomly. Each element of
The jitter minimization technique here proposed can that initial population, called an individual, is then
be directly applied in every off-line scheduled fieldbus €valuated using a fitness function that gives a measure of

following the procedure depicted in figure 1. In fact, its the quality of that element. Each individual is in fact an
application just requires that the initial scheduling table @99regate of smaller elements or units, which are called
can be worked by the algorithm in order to change the9enes. Each gene can have different values or alleles.

initial phasing ® of the periodic messages. The The algorithm enters then a cycle in order to generate a
' new population. It starts by probabilistically selecting the



fittest individuals. Then they undergo a modification Progenitors Descendants
process, using genetic inspired operators like crossover (g an domcrossove descendant [0
or mutation that will eventually alter the alleles of some point selection 1[4 generation |4l
genes. Finally, the old and new populations are - -

combined and the result becomes the next generation
that will in turn be evaluated. The cycle stops when a
certain condition is achieved (for instance, a pre-defined

Figure 3. One-point crossover.

number of generations). The algorithm just described 0] random mutation 0] 0]
generally works with a low-level representation of each point selection random mutation
individual called its genotype. Nevertheless, in complex — " » — >
problems, the fithess function acts upon a high-level
representation of an individual, its phenotype, making

necessary to use decoders from genotypes to phenotypes. Figure 4. Mutation operation.

The success of GA algorithms is linked to their ability

to solve difficult problems: problems where the search !N this application of GAs it is also used a simple
space is large and multi-modal. This is the case of themMutation (see Figure 3 above) in which one individual’s

problem described above where the goal is to minimize9€ne is changed probabilistically. The probability used is
the overall message transmission jitter in a priority—based3%' ) o . .
real-time communication system. But for a GA to be The fitness of each individual is evaluated by running
more efficient than traditional algorithms it is crucial to & Simulation of the system operation that calculates the
incorporate in it problem-specific knowledge. This is ©SJ Wwhich is the sum of the partial jitter of each

achieved by choosing a good data structure to represerﬁnessage as defined in section 1. The fittest individuals
the chromosome and also by “tuning” the genetic are those for which this value is smaller. The simulation

operators [13]. process will be described later.
The genetic algorithm stops when a predetermined
3.2. The elements of a simple GA (SGA) number of consecutive descendants are not included in

For this particular problem, the genotype will be a the population. This happens when they are all worse

vector of integers where each integer represents théhan every individual already on the population. _
initial offset of one message. For a message M each. The progenitors are selected proportionally to their
integer will be within the range of [0, F1[, where T is  !'(N€SS. o

the period of that message. All the phases for which the At €ach iterative step, one or two of the worst

previous condition holds true are said tdéasible individuals of the old population may be replaced by one
or both of the generated descendants. In this way, a new

population is generated. This replacement takes place

Genotype when the fitness of the later is better than the fitness of
0| the former (steady state like GA mechanism). This will
in principle improve the average fitness of the
| population.

011[2]3[4]5]6(7]8 The initial population is randomly generated but

constrained to feasible individuals.
ﬂ = Start of transmission of first instance of message
3.3. The Simulator
Fitness evaluation is done by simulating system

In GAs the crossover operator mimics the one thatexecution for an overall system peri_od. This periqd is
occurs in natural sexual reproduction. Crossover usedual to the LCM (least common multiple) of the periods
two individuals of the population (thprogenitors to of the messages. It was found that the best performance,
generate two new individuals (tscendanjs In this ~ amongst several which were developed and tested, was
case it is used ane-point crossover. Thus, a single attained with an event-driven simulator. _
random crossover point R is chosen, within the range of 1S Simulator uses two integer vectors for holding
0 and M (where M is equal to the number of messages).'nforma_‘t'o_” a_bout the system’s state: the elapsed
For the phases between 0 and R, the resulting descendeff@nsmission time of each message and the next release
is equal to one of the progenitors. For phases betweerliMme of_ each message. This mformatlon' is combined to
R+1 and M, it is equal to the other progenitor. A second determine the instants where the system’s state should be
descendent is created inverting the order of the&*@mined. By analysing and updating the system'’s state
progenitors. In this system, crossover probability is 1. & these points, it is possible to determine the overall
This means that all the descendants are created with thiitter Within a reasonable time for practical systems.
crossover operator.

Figure 2. Phases representation.



The picture bellow shows the simulator’s output for a  Besides performance issues, an additional advantage
4 message set with periods {4,6,8,12} and transmissionof the proGA is the existence of a partial solution for the
times of {1,2,1,2}. The #s show actual message problem prior to completion of the algorithm. In fact, the
transmission and the ~'s represent the jitter. The timesuccessive initial results for a small number of messages
axis’ offset is caused by the transient state removal, acan be reflected on-line in the dispatching mechanism or,

explained ahead. if it exists, in an on-line communications scheduler.
Since most of the bandwidth is used by the highest
_____ * # # # % # priority messages (considering that a RMS scheduling
TR LAl N L mechanism is used), these partial solutions can be, in
; B * " # ; most cases, quite near the real optimum solution.
11112 1314 15116 17118119 20121 22 23 24 25 26 27 26 2930 31132 33 34

4. Experiments
Figure 5. System simulation example.

. . 4.1. Experiments and Results

34. Transflent Ape_ll_y3|s ) _ ) ) A series of experiments for assessing the optimization

There is an initial transient state in the simulation, apapilities of the algorithm in minimizing jitter was
which is caused by the absence of transmission channelynqucted. The message sets used were the ones
use at instant 0. This effect is noticeable because ther§aqcribed in [14] and [15], usually known as the SAE
may be messages still in transmission when thegap . Society of Automotive Engineering) and PSA
simulation ends. T_hese messages “wrap a_round" the(PSA Peugeot Societé Automobile) benchmarks,
overall system period and can't be determined wheniegpeciively. These sets correspond to applications in
system simulation begins. Using an initial transient 5 ;omatically guided vehicles and in automobiles and
period in the simulation, in which no statistical data is they define the names, the period of transmission and the
gathered, solves this problem. This transient periOdIength in bytes of the messages. A Controller Area
should be long enough so that the effects of the “cold” Nepwork (CAN) fieldbus with transmission rates of 125
start are ellm_mated. ) ) _ and 250 Kbit/s was considered for the determination of

The duration of the transient state is determined by e time values for the transmission of each message.
calculating the duration of fieldbus occupation during a The message sets were first scheduled with the Rate

worst-case scenario of simultaneous message releasg)qnqtonic scheduling policy. A scheduling worst case
This is done for an interval that ends with the gjy,ation in  which all messages are released

transmission of the first instance of the message Withsimultaneously in the beginning of system’'s operation
Iower_priority. Bus occupation is no longer dep_endent ON\vas considered. This ensures that the set is still
past inputs from that moment onward, so this value iSgcheqylable no mater what initial phasing is imposed to

used as the transient state duration. each of the messages. No experiments were conducted
. . . on the SAE benchmark at the 125Kbit/s transmission

3.5. Progressive Genetic Algorithm (proGA) rate, because this message set is not schedulable in that

Execution time of the simulation is dependent on the st case scenario. Most experiments were restrained to
LCM of the messages periods. This fact has lead 0 the,5ing solutions with alleles multiple of a base value
development of a variant of the standard genetic jq,g or 10@s). Higher base values originate solutions

algorithm, which reduces the number of mMessageSiat can be implemented by timers with coarser
simultaneously analysed. The variant, called Progressivgggqiutions.

Genetic Algorithm (proGA), increases the number of g following tables show a summary of the results.
analysed messages in an iterative way until a solution for,;irst for the two benchmarks and for the referred

the complete set is found. The overall operation of theansmission rates, the OSJ with simultaneous release
algorithm is described bellow: was calculated as well as the OSJs obtained randomly
*  First, the problem is solved for the set of the o jhoging initial phasing to the messages. The values are
most priority messages with the simple GA ghown in tables 1, 4 (PSA) and 6 (SAE). Tables 2, 5 and
described in the above section. _ 7 show the summary of the optimization in what
After, the problem is solved for an increasing oncerns 0SJ and, also, give an idea of the computation
number of messages until all the set iS yine needed to perform the operations. Finally, tables 3
considered. The initial population for each of 54 g show the initial phasing of individual messages in
these runs is initialised using the solutions for the {o two sets. Table 3 addresses PSA in the worst
previous problem with M-1 messages (where M yangmission rate situation and table 4 shows just a
is the number of messages of the current gumpie of SAE (the number of messages in high). In all
problem). the tables, OSJ and initial phasing are presentggsin
and execution times are presented in s.



Table 1. Jitter values for not optimized systems

(PSA at 125 Kbit/s).

Condition / Resol. 1us 1Qus 10Qus
Lowest OSJ 1264( 12640 22640
Average OSJ 13947 133645 14619
Worst OSJ 16256 15272 16304
Exec. Time Average 160 171 124
N° of Experiences 2( 20 20

Table 2. Summary of optimization results for

PSA benchmark at 125 Kbit/s.

Variable / Resol. 1ps 1Qus 10Qus

1-engine controller 0 0 0

2-wheel angle sensor| 1200 3170f 13200
4-AGB 6778 12740 1800
7-device x 1800 2720| 11800
3-engine controller 5956 16320| 1590(
5-device x 15909 6060 4000
9-device y 8221 11970[ 14300
6-device x 18383 21900 590(¢
8-bodywork sensor | 14072 14260,  2820(
11-AGB 3976 24280 8300
10-engine controller 24047 4190/ 18200
12-device x 12686 28640/ 2260(

Table 3. Best phasing set for PSA benchmark

variables at 125 Kbit/s.

Table 4. Jitter values for not optimized systems

(PSA at 250kpbs).
Condition / Resol. 1us 1Qus 10Qus
Lowest OSJ 0 0 0
Average OSJ 0 0 0
Worst OSJ 0 0 0
Exec. Time Average 28 28 28
N° of Experiences 2( 20 20

Table 5. Summary of optimization results for

PSA benchmark at 250 Kbit/s.

Condition

0SsJ

Simultaneous release of messages

8435

Condition 0SsJ
Simultaneous release of messages 1764704
Best of 5000 random phase setgi¢lres.) 5962
Best of 5000 random phase sets |($0es.) 5544
Best of 5000 random phase sets (lil8Ges.) 5488

636

Best of 5000 random phase setgi¢lres.) 156783
Condition 0SJ Best of 5000 random phase sets |($0es.) 163546
Simultaneous release of messages 3679408 Best of 5000 random phase sets (il80es.) 143952
Best of 5000 random phase setsi$lres.) 103613 ) o
Best of 5000 random phase sets ($0es.) 103524 Table 6. Jitter values for not optlmlzed systems
Best of 5000 random phase sets ([180es.) 110900 (SAE at 250 Kbit/s).

Condition / Resol. 1us 1Qus 10Qus
Lowest OSJ 0 0 0
Average OSJ 68 178 545
Worst OSJ 230 1374 1964
Exec. Time Average 540 73P 928
N° of Experiences 20 20 20

Table 7. Summary of optimization results for
SAE benchmark at 250 Kbit/s.

Variable / Resol. 1us 1Qus 10Qus
7-Accelerator Position a [¢

9-Brake Pressure, Line 3975 4740 35p0
8-Brake Press., Master Cyl 1225 3910 4400
32-Clutch Press. Control 438R 4190 41p0
49-Proc. Motor Speed 4746 2080 4700
42-Torque Command 638 3390 3800
43-Torque Measured 1477 4440 900
11-Tran. Clutch Line Press 954 1820 12p0
29-High Contactor Contro 6855 5420 7400
30-Low Contactor Control 840 312D 300
14-Hi&Lo Cont. Op/Close| 1035§ 800D 7100
25-12V Pwr Ack IIM Cont| 11772 17730 600

Table 8. Best phasing set for a sample of SAE
benchmark variables at 250 Kbit/s.

4.2. Results Analysis

The solution given by proGA offers always a
considerable reduction of jitter when compared with
systems that were not optimized. Good results were
obtained on all tests, showing that a complete
elimination of jitter is possible on the SAE benchmark
set at 250kbps, even with a coarse timer resolution of
10Qus.

Additional experiments revealed that the proGA is
more efficient than the simple GA. The proGA is more
time-effective and offers better results consistently [16].
When comparing to the best random not optimized
solutions, the effectiveness of the algorithm can be easily
observed. Improvement ranges from around 88,8% on
the worst case (PSA benchmark @ 125kbps) reduction
up to the complete elimination of jitter on all other cases.

A timer resolution of 100s seems to be enough to get
good results out of this jitter reduction technique. In fact,
the best results with that resolution were equal to results
obtained with the highest resolutions in every test case.

The speed of the proGA algorithm, although
comparable or superior to the simple GA’s, is



insufficient for direct on-line full optimization. However, quickly, and these may be used to implement an on-line
the algorithm’s iterative approach is particularly well jitter reduction system, through continuous phase
suited for implementing a best-effort on-line optimizer. shifting. Additionally, it was found out that the timer
The successive partial results generated by the algorithnresolution for the initial phases can be rather coarse. No
can be supplied to a communications dispatcher thusmpact on the quality of the solution was observed when
making the system evolve to a near-optimal messagdowering resolution from 1s to 10Qs.

phasing. This may prove to be very effective, because Although the technique imposes a relatively high
the optimization of the messages with higher priority computational overhead, at least considering the usual
occupies a very small percentage of the total executionprocessors available in these types of systems, it is
time of the algorithm, and those are the messages wittpossible to apply it incrementally. The initial solutions
most impact on overall bandwidth occupation. The nextfor a small (5,6) number of messages are usually
graphic shows the temporal evolution of the algorithm obtained rather quickly, making it feasible to develop an
for some runs on the PSA-125 benchmark. It can beon-line optimization device that produces best-effort
easily seen that the first 6/7 messages are quicklysolutions to a communication scheduler or dispatcher.
optimized. An adequate system or coprocessor can then work on-
line on messages phasing promoting a continuous
reduction of jitter along system operation. This opens
additional interesting possibilities for the on-line
20 admission of new real-time messages.
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