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An input signal used in process identification — chaos sequence
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Abstract: The sequences which consist of any segment of a chaos sequence are called as C-sequences. These sequences could be
used as a kind of input signals to replace M-sequences in the process identification. This substitution is theoretically proved to be

feasible. Inverse C-sequences are created in a way similar to inverse M-sequences to solve the problem that C-sequences have non-
ideal balance property, that is, the numbers of ‘0" and ‘1’ are unequal. Besides its good pseudo-random property, the sequences have
other advantages such as easy to generate, varieties of the segment and adjustable cycle time.
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Theoretical analysis indicates that better identifica-
tion effect can be obtained when white noise is used as
the input signal of process identification. But industri-
al facility, such as valves, can not act in form of white
noise. So the traditional input signal of identification
in common use is M-sequence. It has pseudo-random
property like white noise. As chaos is researched
widely in recent ten years, new theories and concepts
of chaos come forth in other fields and are being used
[1-5]. Because of the pseudo-random property of cha-
os sequences, it is used successfully in spread-
spectrum communication. Reference [4] researched
the distributing characteristic of "0’ and ‘1’ and the
correlation property of Chebyshevy mapping in
spread-spectrum communication. Reference [5] re-
searched the correlation property of chaotic sequences
in multi-address communication produced by Lorenz
equation. This suggests a use in control theory. So C-
sequences and inverse C-sequences are presented in
this paper.

1 Random M-sequences and inverse M-
sequences

The M-sequence is a pseudo-random binary se-
quence (PRBS), the relation of its element is

X =ax_, ®ax, @ - Dapx._p,
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where i=P+1,P+2,--; the values of coefficients
a,,a,, -, ap., are either 0 or 1, coefficient g, is al-
ways 1; ® is XOR operation (exclusive OR), so as
coefficients ay,a,, --,ap_, are selected properly, then
the sequence can be cycled by the maximal length of
2”7 —1, generating an M-sequence. The self-correlation
function of M sequences is similar to the pulse func-
tion. A self-correlation function of M-sequences with
bit-length P is presented in reference [6], its length of
the cycle is N, and the clock time is Ar.
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where a is the voltage value of logic ‘0’ or logic ‘1°. It
can be seen from equation (1) that the self-correlation
function of M-sequences is similar to § function
when N, — e, so it is a good input signal for the
identification of processes. But in one cycle period N,
=(2P-1), the number of logic ‘0’ is (N,~1)/2, the num-
ber of logic ‘1’ is (N,+1)/2, one more than logic ‘0’.
In practice, N, is not easy to be made big, so M-
sequences have the component of direct current. This
will produce pure bias to the identification object,
which is not what we hope. Therefore M-sequences
are improved.
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Let M(k) be an M-sequence, its cycle is N, and the
value of its element is O or 1; S(k) is a square wave se-
quence, its cycle is 2 and the value of its element is O
or 1. An M-sequence of 2N, in length and a square
wave sequence are made the operation of XOR, then a
composite sequence with the cycle period of 2N, is
obtained, that is the inverse M-sequence. In one cycle
period of 2N, in the inverse M-sequence, probabilities
of logic ‘0" and logic ‘1" are equal, the sequence in the
first cycle period N, is inverse repetition of the se-
quence in the second N,. The correlation function of
the inverse M-sequence and the original M-sequence
equals 0, and the self-correlation function of the inver-
se M-sequence resembles that of the M-sequence, its
random property is better than that of the M-sequence,
so it has wider application in the field of process iden-
tification.

2 Random property of C-sequences and in-
verse C-sequences
Chaos mapping can be described with the deter-
mined difference equation, but in some condition the
mapping appears random. This can be illustrated by
the simplest chaotic mapping—logistic mapping.
Assuming the logistic mapping is:
Xen =1-pxg,  pe(0.2], xe[-L1] (2)
For the general chaotic mapping x.., = f(x), the

probability density p(x) can be obtained by Perron-
Frobenious equation [7]:

z p(x;)

lx=f"l f'(x' )’

piy)=

When u =2, the probability density of equation (2)
is:

1
p(x) =7
nl-x*
Let fix) be even symmetrical mapping from [-1, 1]
to [—1, 1], and its probability density is also even and
symmetrical, then the chaotic sequence of {C,} can
be obtained from the trace of {x;}:

xe [-1,1].

{Ci)={sgn(xy)}, k=0,1,---, N-1 3)

where sgn(x) is the sign function, N the cycle of cha-
otic sequence {C,}. Here the sequence {C,} could
be selected arbitrarily and is defined as the C-
sequence.

The self-correlation function of the C-sequence is:

1 N-L 1 N-1
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where f%(x), f**"(xo) are the kth and (k+7 )th
iteration of f(x) beginning with the original value of
x,. From the ergodic theory [4, 5] of chaos, to each
integrabel function ¢(x) and almost all the original
value x,,

1
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Let ¢(x)=sgn[xf'"(x)], then

, .1 ‘
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when k20, f™(x) is even and symmetrical, so
@(x) is odd and symmetrical; p(x) is also even and
symmetrical, therefore the integral of formula (4) is 0,
. 1 7=0
,IV‘LE‘OMC(T)‘{O 20 (5)
From formula (5) it can be seen that the self-
correlation function of the C-sequence is & function.
The function has asymptotic ideal self-correlation
property. It must be pointed out that chaos sequences
are easy to be produced. If two original values x;, g
are given arbitrarily, from the knowledge that chaos is
very sensitive to the original condition [7], two inde-
pendent sequences will be produced after a certain
period of time. Their mutual-correlation function is:
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In deduction above, the independence theorem of
compound probability in the stochastic process, that is
p(x,yy=p(x)- p(y), is applied. It may be seen from
the chaotic property [7] and formula (6) that C-
sequences are easy to be produced, the number of C-
sequences are very big, their cycle period is very long,
they are independent mutually and can be selected ac-
cording to the need of processes identification.

Now suppose voltage ‘1’ be logic ‘1°, voltage ‘-1’

be logic ‘0’ in the C-sequence, the difference between
their numbers is L, then
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+1

J-sgn(x)p(x)dx =0.

-1

So the number of logic '1’ and ‘0’ in the C-
sequence will become equal with the increase of N,
but N is finite in the process identification. According
to formulae (2) and (3), table 1 shows the simulated
distributing characteristic of ‘0’ and ‘1’ with different
original values N and u=2. Table 1 shows that if the

C-sequence is used directly, pure bias to the process is
possibly greater than that of the M-sequence. The
number of difference between logic ‘1’ and ‘0’ in the
M-sequence is 1 without relation with the size of N.
The number of difference between logic ‘1’ and *0’ in
the C-sequence is changeable depending on the value
of N, that is to say, the bias in the C-sequence is bigger
than that of the M-sequence, this limits the number of
C-sequences which can be used.

Table 1 Distributing numbers of ‘0’ and ‘1’ simulated by computer

Original value

N logic

0.05 0.25 0.45 0.65 0.75 0.85 0.95

1 50 54 50 52 55 51 50

100 0 50 46 50 48 45 49 50
1000 1 492 503 513 521 508 497 491
0 508 497 487 479 492 503 509
10000 1 4918 5034 4974 4997 5001 4995 5082
0 5082 4966 5026 5003 4999 5005 4918

The following is the inverse C-sequence (IC-
sequence) which is constructed according to the IM-
sequence.

Let C(k) be a C-sequence which is cut randomly,
the cycle is N, the value of its elements are either 0 or
1, and

IC(k) =-IC(k + N,

then the inverse C-sequence with a cycle of 2N is ob-
tained:

_ |sgn(xy) 0<k<N )
, —sgn(x;) N<k<2N
MA(7)
(a)
5715.668
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Obviously the inverse C-sequence in formula (7)
shows that the probability of logic ‘0’ and ‘1’ is equal
in one cycle and it has the same self-correlation prop-
erty with the C-sequence, so it is more suitable than
the C-sequence to be used in the process identifica-
tion.

The following is the self-correlation property and
mutual-correlation property of inverse-C sequence of
Logistic mapping (i =2,x =0.56782, y, = 0.467234)
which is shown in figures 1(a) and 1(b). The dis-
tributing characteristic of ‘0’ and ‘1’ is shown in fig-
ure 2.

Mex AT
(b)
5715.668

Figure 1 Curves of the correlation property: (a) self-correlation property; (b) mutual-correlation property (The interval t=0,

1, ---, 2000).

When 71 =0, the value of the self-correlation func-
tion is maximal. If 7>0, the value is small. The
former is about 1000 times larger than the latter, whi-
ch is shown in figure 1(a). When 7 changes from O to
2000, the mutual-correlation value is very small, whi-
ch is shown in figure 1(b). With more experiments it
can be found that the correlation property gradually
approaches 0 as N increases.

The probabilities of ‘0’ and ‘1’ in figure 2 are 0.5,
each of them is 16000. The probability of one ‘0’ or
one ‘1’ is about 1/2. The probability of two ‘0’ or two
‘1’ is about 1/4. The probability of three ‘0’ or three
‘1’ is about 1/8. The rest can be deduced by analogy.
This is very close to the statistics property of white
noise.
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According to the above analysis and random axiom
condition of Golomb, an inverse-C sequence is a ran-
dom signal which accords with Gauss distributing, so
the sequences are favorable to be as input signals for
the process identification.
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Figure 2 Symmetrical distributing characteristic of *0’
and ‘1°.

3 Comparison between C-sequences and M-
sequences

Both the self-correlation functions of a C-sequence
and an M-sequence are approximate to the pulse func-
tion, have the property of white noise, and can be used
as an input signal for process identification. The dis-
tributing characteristic of ‘0’ and ‘1’ in a C-sequence
is worse than that in an M-sequence when N is finite.
But the distributing characteristic and random prop-
erty of the inverse C-sequence and the inverse M-
sequence are same, so the inverse C-sequences are
more suitable to be the input signal for process identi-
fication.

The selection of coefficients a,,a,,"--,ap, in M-
sequences is not random. Two characteristic polyno-
mial conditions must be satisfied. otherwise M-
sequences will not possibly be produced. From this
point, C-sequences are produced easier than M-
sequences.

The number of M-sequences is limited by P, so it is
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finite. C-sequences can be produced with different
conditions, and to a given original condition it can be
selected arbitrarily if without regard to the length of
operation word, so it is infinite.

4 Conclusions

The concept of C-sequences and inverse C-
sequences is introduced. The feasibility of the se-
quences as input signal for process identification is
verified. It adds a kind of input signal source to proc-
ess identification, but its practical effect should be
verified by further simulations and studies. In the
same way, the feasibility of C-sequences and inverse
C-sequences produced by other mappings, such as
May mapping, Henon mapping, Tent mapping and
Chebyshevy mapping efc., also should be studied
more in future.
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