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ABSTRACT

Two hybrid computer technigues for the identification of
the gain and time delay parameters of the crossover model of
compensatory -control system are discussed. These techniques
were specificaily developed to perform accur@ié parameter i~
dentification when limited amounts of input-ocutput data are
available from the system being identified. The methods are
thus uéeful in thoée cases where it is desired to know the
system parameters that existed over a short time span, and
there is not enough input-output data for identification by
pure analog, or pure digital, means.

Oﬁe method is a hybrid version ef the'continuoﬁs para-
meter tracking method, while the second is a modified sto-
chastic approximation method. With proper prog;amming either
method can be used as an on-line device which wiil continual-
ly yield those average parameter values which existed over

the last fifteen seconds of operation.
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I. INTRODUCTION

One area of active research in the broad discipline called”
manual control is compensatory tracking. In this type of
tracking task ‘the human operator sexrves as the controller in
a conventional closed loop system [11]1%*.

‘The subject is asked to manipulate the signal forcing ' a
dynamic signal in such a manner. that the system output follows
a given input. The magnitude of the signal forcing the dyna-
mic system is determined by the position of a control stick which
the operator moves with his hand, arm, or wrist, depending on
the particular type of control stick being used. The érror
gl(t) between the inpuE‘ei(t) and the .actual system output
8,(t)- is displayed on.an oscilloscope located in front of the -
subject. This errox signal is used by the subject to determine
present and future control stick action. The system configura-

tion is shown in Fig. 1l(a).

* Numbers in brackets refer to references listed at the end

of the report.
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Fig. 1 The Closed Loop Compensatory Control System.



The input signal used in this type of tracking task is
some unpredictable signal, such as low frequency filtered
gaussian white noise, or a sum of sinusoids designed to
approximate this -type of signal. The subject is simply toild
to keép the error as small as possible at all times and is
free to move the control stick in any manner he deems best.

Research -related to this type of manual control task
started during World.War IT when men in the armed. forces
were being trained to manually sighl and fire auvtomatic wea-
pons [14].. The research continued in the 1950's and has
been stimulated in recent .years by the presence of manual

control systems in space vehicles.

1.A. " The CrosSsover Model

A large portion of the total effort expended in compen-—
satory tracking task research has been spent developing the
mathematical equations which describe the way in which the
human operator controls the compensatory system. One of the
more important results in this particular area of research
was the postulation by McRuer and his associates [10] of the
"erossover model". It was discovered that for all subjects
controlling first and second order plants, the best linear
equation for modeling the entire forward. loop of the compen—
satory system was always the same form. This form, called
the crossover modei; coﬁsisted of a gain K, a time delay =1,
and a single intégratiOn. One form of this model, which is

often used, is given in Pig. 1(b). Here the first orxder Pade”
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is uged in- place of a pure-time delay.

A distinct -advantage that the crossover model ‘has owver
more complicated models proposed by other researchers is
the fact that only ?wo‘parameters, X and 1, .are needed to
completely determine -the -model and the action of -the subject
being tested. This fact has led to its wide acceptance,
and it has proven useful to many reseaxchers [4,5,8].

Since" the crossover model is completely defined forx
a given subject once the parameters K and;T are known, con- --
siderable effort has been placed on the development of
technigues which can be wused to determine -these- parameters -
from actual test data. The most comﬁoniy used methods are
continuous parameter tracking [1,2,13], which is an anaiog
computer technique,-and random input describing functions
{91, which is a digital computer technigue. Although both
of these methods are guite accurate, they suffer from the
fact that two or three minutes of subject data is necessary
in order for K and Tt to be determined. This means that
these methods cannot be used to determine those parameter
values which exist over short intexrvals of time. éince there
are practical situations which arise where only short lengths
of subject data are available for evaluation, an investiga-—

tion was made on two technigques which can be used to identify



crossover model parameters when limited compensatory tracking

data is avallable. This report outlines the results of this

investigation.

1.B. Description of the Present Research Effort

Research emphasis in the manual control systems area
has been placed on-the developmént of £Wo Hyﬁrid computer
technidues for-the identification of the gain and time delay
paramefers_of the crossover model of the compensatory con;
trol system. These technigues were specifically developed
to perform accuraté parameter identification when limited
amounts of input-output data are availabie from the system
being idéntified. The methods are‘tﬁus ﬁéeful in éhosé
cases where it is-desired to know the K and T parameters
whiéhwexisted over a short‘timé épan and there is‘nat,
enough input-~ocutput data for the identification to be de-
termined accurately and/or quickly by pure analog or pure
digital means.

The first method developed and tested is called The
Hybrid parameter tracking method and is a Hvbrid version
of the continuous parameter trackihg method. The second
method is called the modified stochastic approximation
method, and is a variation of a method probosed by . Neal
and Bekey [12]. Both methods are shown to be accurate,
stable identification technigues that should prove valu-
able to those involved in research on compensatory tracking

systems.



A general outline of the research discussed in the re-
mainder of this report is as follows:

1. A discussion of the Hybrid version of the continuous

parameter tracking method.

2. An analysis of the statistical characteristics of a
périodiCHIandom signal obtained by repeating a short.
length of signal taken from a continuous random pro-
cess. In particular, the spectral density of the
periodic signal is related to the spectral density
of the continuous process, as a function of the sample
length T. This type of signal is encountered in the
first identification method. _

3. A discussion of a Hybrid routine using a modified sto~-
chastic approximation method;

4. A discussion of possibie extensions of the methods
developed.

The results of the research to date indicate that either
of the Hybrid methods proposed can identify crossover model
parameters using 15 {(or less) seconds of input-output data
from the compensatory control system. Both methods are capable
of being programmed so as to perform the parameter identifica-
tion-calculations in very short periods of computation time. --

The Hybrid system used in the tests discussed‘in this
report consists of an IBM 1130 digital computer, an EAI 680

analog, and an EAY 693 interface.

II. HYBRID VERSION OF CONTINUOUS PARAMETER TRACKING

Continuous parameter tracking [1,2,6,13,16] is a well



documented analog method of parameter identification which
has been used effectively in identifying the parameters of
various human operator models. This method assumes that
the equations describing the unknown system are known, but
that the coefficients have to be determined. A brief re-

view of the basic method is given below.

2.4 Continuous Parameter Tracking -

In the standard application of the output error method
of continuous parameter tracking to the identification of
the true crossover model parameters, KO and Té, the model

matching error is defined as [5]

- e(tTKiTx = z(t,K{T) - ?q(t’Ko’Toy T (1)
whexre
z(t,K, ) '= model output.
eo(t’Ko’To) = actual compensatory system output.

KO,TO = true values of the compensatory system

gain and time-delay parameters.
K7 = K(t), t(t) = the parameter tracking values
which should'conﬁerge to K_ .

and T .
O

The index of performance used to evaluate the accuracy of the
model is

e? (+,K, 1) (2)

N

I{t, K, T) =



and “the parameters K(t] and T(t) are adjusted continuously -

in time wia the parameter adjustment equations

dk X 3z

Et— = —ko -a——- = -—ko e -3—'1—{ = “'ko ‘euo (3)
P

uo=u_(t.rKrT)_"a_Iz{'

and

dt _ . 38T _ _, %z _ _ :

I S W Tt - T S (4)
3

u, = ultt,K,T) = 5% .

-ko and kl are the parameter adjustment gains and are constant
for a given run. A block diagram of the complete system is
given in Figure 2. Bi(t), the input signal, is generally low:
frequency noise obtained by filtering white noise.

I+ has been shown [5,6] that this particular system can
be used to generate accurate on-line estimates for the para-
meters KO and Tt However, one drawback of‘the method is thét
the convergence rate is fairly slow. Jackson [5] found that
ﬁhen tracking X and T values for actual subijects, meaningful
results reguired two minutes of test data. One minute of data
was needed to let the parameters converge, and. one-additional
minute of -data was used to generate average values of K and T
for estimating Ko and To-

Figure 3 is a reproduction of one two-minute run of a
continuous parameter tracking system showing K and T conver-

ging to 5.0 and 0.14 respectively. This run used an actual
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subject and ig typical of continuous parameter tracking opera-—

tion [5].

2.8 Hybrid Parameter Tracking

As its name implies, this method is a Hybrid adaptation
of the continuous barameter tracking technigue that uses short
lengths of input-output data from the system being identified.
In the methcd. developed the compensatory system input and out-
put, Bi(t) and Go(t), are sampled for a short period of time
(T < 15 seconds) with the samples stored in the IBM 1130.
During Ehe next time interval, the stored vélues are fed into
a fast—-time,- analog, continuous parameter tracking model,
exactly liké the one. discussed above and developed in refer—

" ence [Si; However, since 15 seééndé of daté are ﬁgt suffi;
ciené for the parameter trackiﬁg system to coﬁverge in the
presence of noise, the fast time model iterates through the
same input-coutput data several times. To allow smooth con-
vergencé, the initial values of K(t) and t(t) used at the
start of each analog'iterétion are continually uprdated.

For the (n +‘l)St iteratioﬂ the K(o) and t(o) values are

the average walues of K{t) and T(f) which were present over

the last half of the nth iteration, i.e.:
. . o =
R 4q (0) = f K, (t)dt = K (5)
T/2
T

n
all

T41(0) = f T (t)dt = T

T/2



12

Additionally, the parameter adjustment gains,‘ko and k used

1-
in the adjustment networks for K(t] and 1(t) are systematically

reduced, increased and reduced again in the following manner:

A B
k = —— ; n=1l,...,5 k. = — 3 n=1,...,5
Y Y
= -_A-__.'; n = 6[---1-10 - = B i = 6;---;10
VYo-s Voms
" ) (6)
-2, n=11,...,15 =B . n=11,...,15
}n—lO & n~-10
As B

n=16,...,20 "+ n=16,...,20

-,

where. A and B are empirically determined constants. This .gain
manipulation was empirically shown to give smooth convergence . .
even when considerable noise was present in the output of the

system being identified. and T the average values of

& Koo 207
K(t) and T(t) over the last half of the 201

iteration were
-used as the estimates of Ko and T Twenty iterations were
vsually sufficient for satisfactory pafameter convergenée.

To insure convergence of the basic Hybrid method in twenty
iterations, one further modification of the continuous para-
meter tracking method was necessary. This modification stems
from the fact that the initial conditions which were actually
present in the compensatory control system when ei(t) and
eo(t) were recorded are unknown. Thus, the initial conditions
on the model at fhe start of each iterxration are probably in-

correct, and introduce transients into model which will

cause a model matching error which is not due to the para-
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meters being incorrect. If these initial transient errors are
allowed to affect the parameter adjustment integrators, an
incorrect adjustment at the start of each analog iteration
will result. Since the total analog run time is short, the
adjustment loop may not recover in the time allotted. This
has experimentally been shown to produce erroneous estimates
of KO and To-

To eliminate this effect, the parametei adjustment inte-
grators are left in the IC mode for the first five seconds
of real-time data at the start of each iteration. It is
easily shown that, with K and T fixed at nominal values, all
transients in the.analog sfstem'will decay to less than 5%
of their initial values in this period of time. It was felﬁ-
this was sufficient for practical operation of the Hybrid
system, and experimental data appears to substantiate this
assertion. - A

With thesé facts in mind, the basic time-logic pattern
of the Hébrid parameter trécking sysﬁem will be outlined.
This is given in Table 1 on the following éage. The basic
FORTRAN program, which is well documented with comment
statements is found in Appendix A. The analog circuit

diagram may also be found in that Appendix.
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Table 1. Time-Logic Outline for One Hybrid Parameter Tracking Sequence
Time L Operating Status
<0 1. Compensatory system to be identified is in 6perationv
2. Analog tracking system.is .in IC mode.
.0 i. Sampling of 6.(t}fand-eo(t) begins at a rate of 20
sample/second using AD Converters. Samples are taken
for 15 seconds and stored in the IBM 1130.
2. Analog parameter tracking system remains in IC mode.
T 1. -Sémpling stops.
T + ¢ 1. First analog iteration begins with analog tracking
system being placed into OPERATE at time scale of, _
10 times real-time.* (Parameter adjustment integra-
tors, 00 and 95 in Figure A4, are left in TC}. -
2. 0.(t) and 6 _(t) samples are fed into the analog cir-
- clit via DA8's at 10 times sampling rate. S e
T + t 1. .t, - t_ = 0.5 seconds = 1/3 x T/10 ) P
’ 2."Parame%er-adjustment integrators are placed into OPERATE,
T+ t 1. .té - to = 0.75 seconds = 1/2 x T/id - o
2. Samples of K(t) and t(t) are begun in order to calculate
K, and 1., the average values of K(t) and t(t) present
oVer the last half of the first iteration.** ’
T + ¢t i. t, — £t = 1.5 seconds = T/10.
2. First 8nalog iteration ends. ) .
3. Analog is placed into IC, except for the parameter ad-
justment integrators which are placed in HOLD.
4. The average parameter values Kl and 1. are determined on
.. = y 1
- digital computer.*¥ -
T + t 1. ¥, and T, are typed on typewriter.
2. Parameter adjustment integrators are placed into IC with
values of K, and tT,. -
3. Parameter a&justments gains ko and kl are adjusted via
Equation (6).
T+t 1. Second analog iteration begins.

Twenty analog iterations are made, at which time the system
goes back to the start of the Table for a new set of data.

K.,
20
meter valies.

and T are the estimates of KO and TO, the tyrue para-
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*The - method presented was limited to a- fast—time opera-
tion of 10 times real-time due to the use of FORTRAN pro-
gramming. Through the use of Assembly language, the
iterations could be accomplished at least 10 times faster.

**These averages should be calculated on the analog compu-
ter.. Lack of analog equipment would not allow. this on
the tests being reported. ’

ITI. THE DATA LENGTH/CONVERGENCE PROBLEM
Before presenting some experimental results of the Hybrid

parameter tracking téchnique, the effect of the parameter tracking

length of the input-output data sample used in the iteration mode
will be discussed. .

3.A Convergence Properties of A Continuous Parameter Tracking System

For a continuous parameter.tracking system to identify ac-
curatelf, the input signal must have measurable power in the band
péss region of the system being identified. Simply stated, this

~means that for the model matching error e(t,K,t) to have meaning,
the unknown system must be tested over those frequencies which
will be passed by the svstem. fhis region is approximately

0~10 radians/second for a compensatory system.

Another aspect of the input signal which must be considered
in a continuous parameter tracking system is the effect of the
input spectrum on parameter convergence rate. Jackson has
shown [5,7] that in the neighborhood of the correct solution
(K = K, and 1 = T,) the convergence of the parameters is essen-
tially £first order, providing the parameter adjustment gains ko
and kl are relatively small. The time constant of convergence

for one parameter, say K(t}, 1is
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Time Constant of K(t)} = 21 (7) -
koE{uo(t'Ko’TO)}

where E{+} is the expected value, or statistical average. But

o

5 .
E'&g' Su u (w)dw (8)
o.0

O

2
E{uo(t’Ko’Tol}

= average power in u_ {t,X_,T
verage p 0( 1Ky o)

co

: Uo(w,KO,TO) 2 )
T f 86 . 91("” dw

et

o
where

Suouo(w) = PSD of uo(t’Ko'Tb)

SBS(w) = PSD of Bi(t)

Uo(m,KO,TO)

= transfer function relating uo(t,Ko,To)

8, (w)
and Gi(t).
Similar results are found for T(t).
Egs. (7) and (9) indicate that the convergence rate depends
explicitly on the spectrum of the input signal. If this spec-

trum is altered, the convergence properties will change, possibly

drastically.
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3.B Hybrid Parameter Tracker Convergence Properties

To -relate the above continuous parameter tracking charac-
teristics to the Hybrid parameter tracker, it is merely noted
that during the fast-time iteration process the analog input
signal is a section taken from Bi(t) during the sampling opera-
tion, and the effective period is directly related to the
sample length T. The particular values appearing in this
.signal are, off course, random, ‘and will vary from sample to
sample. A pictorial example of one possible outcome for ei(t)
which might be used to test the unknown system is -shown in
Figure 4. Also shown are several periodic¢ signals, which
were‘obtained by using T-length sectioﬁs of Bi(t}. The
x(t)'s are several of a family of signals which might be seen
by the fast-time paraweter tracking model.

Note that over one time intexval T seconds in length
x(t) = Bi(t). Outside of this interval x(t) is peribdic.
Note also that i(t) is being aiscussed as though it were a
real-time signal, when ig fact it is a fast—time signa;. Th;s-
can be done in this case, singe both x(t) and the analoyg sys-
tem are time scaled eqgually. Thus, any convergence properties
devgloéed in real-time can be directly translated into fast-
time information.

The guestion which now arises is as follows: -How small
can T be and still have the expected Hybrid convergence rate
with x(t) as an input be close to the continuous convergence

rate expected from ei(t)? To gain insight into this guestion,
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XL(t) = Gi(t); o<t<T
[
-T T 2T aT

.. 3T 5T
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Fig. & Generation of Several x(t)'s frém One Representation of Bi(t).
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an expression is developed in the following sections which
gives the difference in the average powers in x(t) and Gi(t)

over a given frequency band, That is, the ekpression

W, . 0,
Jﬂ See(m)dw - l{ Sxx(w)dm
wy 0

is derived as-a function of T, where Sxx(m) is the power spec-
tral density of x(t}. Although this difference is not speci-
fically the convergence rate, i£ is a éuanéiﬁyowhich is di-

rectly related to it, as seen by Eg. (9}. If this difference

1 2

pensétdry sysfem, then the convergence preperties of the con-

is small for values of ®, and ®w, in the pass band of the com-

tinuous and Hybrid systems will be comparable.

3.C¢ An Analysis of the Periodic-Random Signal x(t)

In Section B it was notéd that the signal seen by the
analog moéel in the Hybfid éarameter tracking scheme is essen-
tially a periodic signal that is generated from a continuous
random process. The purpose of this section is the generation -
of the equations that describe the periodic signal, in’ terms
of the original process. The problem will be stated as

follows:*

Assume that Bi(t) is a continucus, wide sense stationary,
random process with known autocorrelation and power spectral

density functions, Ree(a) and See(w). From ei(t) a new random
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process is generated by randomly choosing a section of ei(t)

T seconds long and. assuming that this is. one peried of<a.

periodic signal, x(t). The following properties of x(t) will

be shown:

1. That Rxx(w), the autocorrelation function for x(t), can be
given in terms of Ree(a) and T. -

2. That a simple expression relating Sxx(w), the power spec-
tral density of x(t), and See(w} can be obtained if ei(t)

is restricted to a given class of signals.

3.C.1 Development of Rxx(a).

To develop the statistical autocorrelation function,
R X(u), for the signal x{t) ; vse will be made of the time -anto- -
bl

correlation function - -

Y
"ﬁg;(a) = lim %% ‘{ x(t)x(t+&)§t (11)

B i thad
=Y
and the fact that

B(R (01} =R (a). (12)

If it is assumed that one set of outcomes for ei(t) and
x(t) are as given in Figure 4, then x(t) and x(t+o) will be as
shown in Figure 5, where xl(t) from Figure_4 has been used.
From Figure 5, sevefal things can be deduced about ﬁ;;(a).
First, since x(t) is periodic; #{t)x(t+a) is periodic witﬁ

period T, for any o. Second, the time average value of
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x{t)

—27 T T 27

x(tre)

Fig. 5 One Possible Set of x(t) and x{t+o) for Determining Rxx(a).
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x(t)x(t+a) over all time is equal to the average value over

one period. Therefore,

T
— l §
Rxx(u) =3 |§ x(t)x{t+a)da , 0 <0 < T (13)
o

This equation can be placed in terms of Bi(t) by noting the

following relationships from Figure 5.

x (t) = Gi(t) 0 <t<T
x{(t+o) = 8, (t+o) 0 <t <T-aq
= 9, (t+o-T) T-0 <t <T
Equation (13) can thus be written as
T
ﬁ;;(a) = % ‘§ Bi(t)x(t+a)dt r 0 <o <T
o
T-0 i
=3}f 'él 6, ()8, (tta)dt
o
T ..
+ J’ ei(t)ei(t*fc"'T)dt} + 0 <a <T (14)
T

For a given do, §;;(&) is a random variable which depends
on four factors: (a) the particular realization of Bi(t) used
in evaluation of the integral; (b) the value of T; (c} the
particular section of Gi(t) used to generate x(t); and (4} the

value of do.



23

However, from Bg. (12)

E{Rxx(u)} = R (0]
T-a T
_ 1 1 _ .
= = j’ E{6, (t)6, (t+a)} dt + ¢ j’ E{0, (£)0, (t+a-T) }dt
o Tgy
T-o T
= .]; R, (a)dt + 1 R, . (a-T)dat
T 0o T b
o _‘ T-q
= I-o Q. _
= = Ree(a) + TRee(a T 0 <a<T (15)
Since Ree(a) is an even function, Ree(u—T) = Ree(T—a) and
Eq. (15) can be written
= I-0 o -
Rxx(a) = = Ree(a} + T RGG(T ) , 0 < a<T (16)
which is the desired result.*
By inspection of Figure 5,
RXX(a) = Rxx(aikT) k=20, 2, 2, ... (17)

3.C.2 A Comparison of See(w) and Sxx(w) as a Function of T.

Before developing SXX(w), two assumptions relating to

the random process B, (t) will be made. It will be shown later

*Thig result ¢an be obtained by directly evaluating Rxx(a) =
Elx(t)x(t+a)]. This derivation was completed, but is consider—

ably longer than the method presented.

At - L n Y S T ST W ST M T W M ey W My T Eo Tt e S R et W T W ETN R S S e M L N T S At Erm S Y ALs Wb TS R M W i F M e T S S ———
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that these assumptions are valid for the type of signals en-—

countered in human operator work.
Assumption l: It is assumed that ei(t) is obtained in

such a manner that

Rgg(0) ] >> [Roo )| =0; o > 8

for some finite value of 8. For simplicity of presentation,
it is assumed for the present that Ree(a) igs as shown in Figure

. T
6a. Assumption 2: T i1s chosen so that 5 > B.

Under these assumptions and through Egs. (16) and (17), Rxx(a)
will be shown in Figure 6b. Note that under the assumptions
given, the portion of Rxx(a) around o = o does not overlap

those portions centered at o = £T.

The power spectral density of ei(t),is by definition,

™ o

Syq () = .ﬂ’Ree(a)e_jmada (18)

which under the assumptions above reduces to
T/2
- __'j(.OO'.
See(w) | Ree(u)e da. (19)

~7/2

As discussed earlier, the operation of a parameter tracking
system depends on the measurable power in the band pass region
of the system being tested. It is of interest then to look

at the total average power in Bi(t) in the low freguency band


http:ei(t).is

25

Ree(a)

(a)

RXX(Q)

T
2

|

(b}

™
STEEIR

Fig. 6 Theoretical Value of Ry.(a) and the Related R (a).
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where W, = ~p- (Note that this implies that 7 1s at the low

end of the band pass region of the system tested. This will

be discussed later in the section). This power, Pe, is defined
as w.,
P, = L Saplw)de
0 T 0o
.Yy
w
2 T/2 .
s —jma
= j‘ dw j/" Rgg () e do (21)
Wy ~T/2
where
w
= =2
Wy T3
w
o}
w2 = N(DO +.§’— .

In the last eguation, if the integral with respect to & is

approximated by Euler's method using Aw = 0, = Z% for the width
of the rectargular secticns, then
~ 1 s Tzz R P
PB =7 E f Ree(u}e doqu
n=1 | -7/2
N T/2
= 4 '
Py = § \ }f Rgg (@) cos nw ada (22)
Lot

n=1 o
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The reason for using the Euler approximaéion and the parti-
cular value for Aw chosen will be apparent after the calcu-
lation of ng(wi in the next step.

To -generaté an expression for x(t)°similar-to -that for
. B(t)»found'in Eg. .(22), it is first noted that since 'x(t) is
a wide sense stationary periodic random process, its auto-
correlation function can be expanded in a Fourier Series.

o

Jnw_a

Rxx(a) = ji: a e © {23)

n=—co
where
a = & i?g R (a)e—jnmoaéa
n T XX
-T/2
T/2
= %- ~}' Rxx(u)cosnwouda (24)
o
since RXX(a) is an even function.
It has been shown that for periodic processesg of this -
type, the spectrum is discréte and, for the case being dis-

cussed, is given by [31]:

[

S 4y (00 ='2wjzz a 8 (w-nw_) ' (25)

=«

where 6(w) is the unit impulse function.

The average power in x(t) in the frequency band w; 2w

2!
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called Px’ is ®
2
p =X f S (w) dw (26)
X b XX
©y
where Wy and w, are defined in Eq. (21).  Substituting Eg. (25)
into Egq. (26]
w., -
_ X § ; -
‘PX == f {21T an6 (w nwo}} dw
n==—co0
91
N
= 2 a
2,
n=1
N T/2
- 3 2 . .
= 2 Z :{T f Rxx(u)cosnwoada}
n=1 Q
N T/2
_ 4
=7 z : f Rxx(a)cosnwoada (27)
n=1 o
However, from Eg. (16), although in general
_ o © o (pea) .
R (a) =T Rog(@) + 7 Rag(T-0), 0 < 0 < T
in the region 0 < o < % this reduces to
_ T-a
Rxx(u) i Ree(a) (28\_)
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due to the assumptions that were originally placed on Rée(a).
Therefore,
N TT/2
_ 4 o o ’
Px =5 E : f (1 T) Ree(a) c?snwoc%da (29)
n=1 o

which is, again, the average power present in x(t} in the fre-

guency band

W
O u)D

2z
and has the same general form as Pe given in Equation (22).
The difference in the average powers in 8.(t) and x{t)
in this frequency band is merely the difference Pe - Px'
Using Egs.: (22) -and: (29),-
o T/2

N
_ 4
P6 - x = —3 E F f OtRee(a)cosnwOada (30)
o n=1 o} ] o

which is the result desired.
From Fgq. (30), affiguré of merit for how well PX is apﬁroxi—
mating Pe is (P - P‘)/P . This ratio will be evaluated -for the

input 51gnal actuallv in testing the Hybrid parameter tracker

in the next sectlon

3.C.3 (Pe - PX)/Pe for a Standard Inpuﬁ Signal

In the Hybrid -parameter tradking method discussed. in
Section II, ei(t) was obtained by passing Gaussian white noise

through a 3rd order filter of the form 1/(Bs + 1)3. The auto-
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correlation function, Ree(u), in. this case is

o, 2 o -o/B
[(E) + 3(g) + 3le

Rggle) = 168 — s 0 >0

(31)
= Rgg (-0l

A plot of this function is given in fig. 7 foxr a > O.
It is seen that at a = 8B, [R,,(8B)| = 0.01 |R ,(0)] and
that Ree(m) is decreasing monotonically to zero. Thus,

if T, 6

or T > 16B (32)

the assumptions of Section 3.C.2 are valid and Eg. (30) for
P_ - P_ will be wvalid.
8 X . .
At this point it shoidld be noted that if x(t) is to have
power at low frequencies, gome discretion must be used in the

choice of T. In particular, if it is desired that some power

be in x(t) at freguencies at least as low as 0.5 radians/second,

then
2m
wO—T— 5_05
or .
T > 4m . (33)

which is aﬁ additional restriction on T. Combining the con-
straints of Egs. (32) and (33) the following general statements
on the,séﬁple ieﬁgth-T-éan Be ﬁade;‘ - - -
1. T > 16B in order that the low frequency power of

x{t) can be compared to Si(t) through Eg. (30}.



31

RICEEO L

W) R

> >0

8o 1638

Ree(a)

®

Fig. 7 Ree(a) for the Input Signal Used to Test the Hybrid

Parameter Tracker.'
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2. T > 47 so that some low freguency power is present in

x{t).
For the tests discussed in Section 3.D B = %w Therefore,

T > 16B or T > 8 seconds
and
T > 4m or T > 12.5 seconds
were the constraints. To insure a sufficiently long T, T = 15
seconds was used in all tests. This can undoubtedly be short-
ened, and is another area for future research.
Table 2 is a table of (Pe - PX)/Pe with T = 15,

&l = 0.209 radian/second and w. values up to 8.57 radians/secopd.

2
It is seen that the total low frequency power in ei(t) and x(t)}
are quite close and that the convergence of K(t} and 1(t) in

the Hybrid case should be similar to that found in the continu-

ous case. This was indeed found to be true, as will be shown

in the next section.

3.D Experimental Testing of the Hybrid Parameter Tracker

The convergence properties of the Hybrid parameter track-
ing system were evaluated in four different ways. First, the
general convergence characteristics were checked by having
the system determine the parameters of a fixed crossover
model whose parameters were known. Second, the Hybrid para-
meter's convergence rate was compared with the convergence
rate of a continuous parameter tracker, to substantiate the
derivations of Section 3.C concerning the effect of sample

length on the Hybrid parameter tracker's performance. Third,
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Table 2. A Comparison of the Average Powers in ei(t) and x(t) in the
Low Freguency Region.
Pe - P
N Pe Pe - P P@_
i .11722 . 00608 .05186
2 .19931 .00800 .04013
3 .24845 .00723 . 02910
4 . . 27550 | .00557 02021
5 . 28987 . 00395 .01362
6 ".29774 .00263 .00883
7 .30200 .00101 .00533
8 .30442 .00083 .00272
g .30583 " .00022, .20071
10 .30668 -.00025 -.00081
11 .30721 —-.00063 ~.00205
12 .30755 -.00085 -.00308
13 30777 —-.00121 -.00393
14 .30793 ~.00143 -,00464
15 .30804 -.00162 ~-.00525
16 .30812 -.00179 -.00580
17 .36820 -.00193 -.00626
18 .30827 -.00206 -.00668
19 .30834 ~-.00218 -.00707
20 .30843 ~,00228 -.00739
w
Ry = f’ Py = f | 1= 315
4 Sgg (0} do ), S, (0] do 0y =0 4
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the Hybrid parameter tracker was used to determine the para-
meters of an actual compensatory system. Fourth, the para-
meter estimaltes deltermined by-the Hybrid parameter tracker
were cross-checked against those estimates determined by the
modified stachastic approximation method (to be discussed
in Section 71v). This was accomplished by having the two
methods use exactly the same input-output data from an actual
compensatory control system, aﬁd comparing the parameter
values determined by each method. Sample results from the
first three of these tests will be presented here. The com—
parison of the results of the two methods will be discussed
in Section 4.D. R | ‘ .

In all these tests, Bi(t) was obtained by passing gaus;
sian éseudo—white noise thxough a.l/kﬂ.53+1)3 filter. The
sampling rate of ei(t) and Botti was 20 samples per secoﬂd,

and the sample length, T, was 15 seconds.

3.D.1 Convergence of the Hybrid Parameter Tracker on a Known
Crossover Model

Tables 3 through 6 and Figure 8 present typical results
as the system converges on a known crossover model. Several
initial conditions on X(t) and «(t) are used and various values
for the known model are tried. In all cases tested, the para-
meter adjustment potentimeters P03 and P95 of Figure A4 in
Appendix A4 were both set at 0.600. This allowed parameter
convergence rates which were usually exponential in character,
rather than damped oscillations. In a11% cases convergence was

quite good. In the cases tested, the KO and To estimates were
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Table 3 Convergence of the Hybrid Parameter Tracker on a
Known Crossover Model with K =t-0 and T _=0.210.

n Gain Estimate X Time Delay Estimate ?;
Initial K = 1,985 Initial T = 0.305

o = } nitial T 0.3 =
1  KBAR(I,1)= 3,178 TBAR(L, 1)=0. zso‘_“fj'
2 _KBAR(1,2)=.3,487 _“TBAR(1,2)=0.232 -
3 - —-KBAR(1,3)= 3.660 - - *~~ TBAR(1,3)=0.22k
4 '””"Eﬁﬂd(l ¥)= 3, 757 _TBAR(L,M)= q_zgq_:“““
5 — KBAR(1,5)= 3,822 .. .TBAR(1,5)=0.218 . _
6 -—-KBAR(2,1)= 3.918 - TBAR(2,1)=0.215 -
P TR S T R e0,205 T
8- —-—_KBAR(2,3)= 3.980 ”mnﬂnTBAR(2,3)=O.212
9 ———KBAR(2,4)= 3.995 - - TBAR(2,4)=0.212
10 __"—KEAR(Q 5)* u oo?“”' T TBAR(2, 5) 0 212"_"“
11 —___KBAR(3,1)= 4L.022 ... TBAR(3,1)=0.211
12 — KBAR(3,2)= 4,030 TBAR(3,2)=0,211
13 " UKBAR(3,3)= 4,038 TBAR(3,3)=0.211
T4 _. KBAR(3,4)= 4,043  _ __ _ TBAR(3,.4)=0.211
15 - == ~KBAR(3,5)= &.0k5 - TBAR(3,5)=0.211 - -
16 ~7 TKBAR(Y,1)= 4,051 ) TBAR(4,1)=0.212
17 KBAR(L,2)= 54,048 TBARCY, 2)=0.211
18 KBAR(4,3)= &, 0L7 TBAR(4,3)=0,211
19 KBARCL, 4)= 4,047 TBAR(L, 1) =0.211
20

KBAR(L,5)= 4,047

TBAR(H,5)=0.211
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Table 4  Convergence of the Hybrid Parameter Tracker

on a Known Crossover Model with K =3.0 -and
T '"0 300.

n Gain Estimate K Time Delay Estimate T,
'Initial X = 1.985 _ Initial T = 0.305 A
1 © KBAR(1,1)- 3.459  TBAR(1,1)=0.291
2 — KBAR(1,2)= 3.132 ... TBAR(1,2)=0.295  _
3 ———KBAR(1,3)="3,053 "~ =" “TBAR(1,3)=0,299
1 KBAR(L,b)= 3.032 - _TBAR(1,4)=0.301
5 __KBAR(1,5)= 3,027 _._____TBAR(1,5)=0.302 ._
6 ——KBAR(2;1)= 3,025~ ——=-TBAR(2,1)=0.304 =
7 j KBAR(2,2)= 3.02%  TBAR(2,2)=0.305
8 o KBAR(2,3)=.3.025- . ._.____TBAR(2,3)=0.305 .__
9 : KBAR(2,4)="3.024~ "~ =~~~ TBAR(2,4)=0.305
10 ~ KBAR(2,5)= 3.025 _ TBAR(2,5)=0.306
11 KBAR(3,1)= 3.025 . ... . TBAR(3,1)=0.306 - ..
12 ——KBAR(3,2)= 3,024 ~~~ """ “TBAR(3,2)=0.306 '~ -
13 . KBAR(3,3)= 3.025 _ TBAR(3,3)=0.306
"1y ~-———-KBAR(3,4)= 3.023 ... ... TBAR(3,4)=0.306
15 ~——KBAR(3,5)= 3.024 =" ~= TBAR(3,5)=0.306" """
1 KBARGH, D)= 3,025 TBAR(4,1)=0.306_
W KBARCL,2)= 3.02% TBAR(L,2)=0.306
18 T KBAR(L,3)= 3,023 “ TBAR(L,3)=0.306
19  KBAR(W, &)= 3,023 TBAR(4,4)=0.306 3
20 —. KBAR(L,5)= 3.024 TBAR(4,5)=0.306
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.Table 5 Convergence of the Hybrid Parameter Tracker on a

Known Crossover Model with Ko--S.O and T°=0.250.

'n Gain Estimate K_ Time Delay Estimate T
- _Initial K = 1.985 Initial;f = 0._305
1 —KBAR(1,1)="3.759 - - ~===~-"TBAR(1,1)=0.260 -
) ~ KBAR(1,2)= 4.107  TBAR(L,2)=0.247
3 ~—— _KBAR(1,3)= 4.306 .. ... __TBAR(L,3)=0.243 . ... _
y ~——KBAR(1,4)= 4,437 = —=-"TBAR(1,4)=0,242 ~
5 KBAR(1,5)= 4.533 CTBAR(L,5)=0.242
6 ___ KBAR(2,1)= 4.697 ___;_h_uTBARc2,1>=0.2uu' —
7 ;--KBAR(2 2)= 4,775 ~——====TBAR(2,2)=0.245 -
g -  KBAR(Z,3)= k.32l TBAR(2,3)=0.246 ~
‘g __KBAR(Z,k)="4,852." ____ _ITBAR(2,4)50,246 ~ _
10 T " KBAR(2,5)= L4.878 T 7T 7T TBAR(2,5)=0.246 - 77
n TRRG S T e o
12 ____KBAR(3,2)= h.938 . . h..m..TBAR(3,2)=0.2h7 .
13 == KBAR(3,3)= 4.948 " TBAR(3,3)=0,247
14 T KBAR(3, u)- k.957  TBAR(3,4)=0.247
15  KBAR(3,5)= 4.960 ... . TBAR(3,5)=0.247
16 -~ ~KBAR(4,1)= 4.970 -~ '~ TBAR(L,1)=0.247 -~ -
17 © KBAR(H4,2)= 4.975 - TBARCH,2)=0.257 -
18 . KBAR(4,3)= 4,979 TBAR(L,3)=0,247
19 KBAR(Y,4)= 1,979 TBARCH, 4)=0.247
20  KBAR(H,5)= .981  TBAR(L,5)=0.247
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Table 6  Convergence of the liybrid Pavemeter 'fracker on a
Known Crossover Model with K =5.0 and T6=0«210.

n Gain Estimate En . Time Delay Estimqte-; %-n
- 'Initial K = 1.985 .. Initialr :-"{-__;‘,3‘0‘5
1 | KBAR(L)= 2,713 TBAR(1,1)=0.262 . _._
> ~——-KBAR(1;2)= 37090 ~——"=-TBAR(1,2)=0.238 =~ -
3 KBAR(L,3)= 3.349 TBAR(L,3)=0.222
y _ KBAR(I,4)= 3.5L3 . TBAR(L,L)=0.213 '___.
5 ~TKBAR(L;5)%73, 700 ~""TBAR(I,5)=0.208
6 KBAR(2,1)= 3,981 - TBAR(2,1)=0.201
7 . KBAR(2,2)= 4145 . TBAR(2;2)=0.199
8 ——KBAR(273) =265 - TBAR(2,3)=0.200 "~
9 TTRBARCZ,ME B.35h TBARCZ, 8)=0.200
10 __...hKéAR(2-,j5-)=mh 431 -_._l___TBAR(Z;'S)'*O. 201 .
11 “—KBA_R(B’;‘I):‘“I;".'SW'L“'—'\'“T"”“TBAR(_B,l)=Q.'203 B
12 KBAR(3,2)= u.ssg Ts_fx_gn(‘?i,__‘z_)_jo.zo_s’
13  _KBAR(3,3)=_4.735 ________ TBAR(3,3)=0.207. ___
14 —KBAR(3714) = 57784 ~ " "——TBAR(3,4)=0.207" =~
15 TKBAR(3,5)= 5.829 '[.BA—R-EBLE):0“.“56{:%_
16 ——KBAR(h, 1)= 1,907 . TBAR(L, 100,210 ..
17 T KBAR(K;2)=4.955 - - TBAR(M,2)=0.210 -
18 © KBAR(L,3)= 4.988 . .  TBAR(4,3)=0.211
19 KBAR(l, b)= 5,020 - -—-—s -~ TBAR(S, ) =0 211 - ~~
20

KBAR(H4,5)= 5,044 " 7""7 TBAR(4,5)=0.212 7~
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found to converge to within two percent of the true KO and To

values in the 20 iterations allowed.

3.D.2 A Comparison of the Convergence of the Hybrid and Continuous

-Parameter Tracking SysStems

) Tbe apalys%s of‘Sect;én II1I-C indicated thét.with:l(a) e-
qﬁivalent parameter adjustment gains; (b) input signals obtained
‘by passihg.white noise through a l/(0.5'5+l)“3 filter, and (c) a
sampl;ng‘length of 15 seconds on the Hybrid parameter tracker,
£he convergende rates of-continuous and Hybrid parameter trackers
should be comparable. To-spbsténtiéte this result, the para-
meter adjustment gains of the analog portion of the system were
set at the vélugs which producea a relétivély slow converéeﬁce
rate. The system was first allowed to run as an all analog sys--
tem, and then ggain in the ﬁybrid mode. Both times the systems
idepﬁiﬁied a knOWn crossover model wiﬁh KO = 4.0_an§_T0 = 0.21.
The results are given in Figures 9 an@ 10.

It is seen that in Ehe continuous case K and T.converge
in an exponential manner with time constants cf about 10
seconds. In the Hybrid case, -the convergence is also basically.
exponential, as predicted by Section 3.C. Sixty percent of
convergence israchieved here in approximately one iteration.
This one iteration has an analog OPERATE time of o;e-secohd
which due to the time scale factor of 10, is equivalent to ten
seconds of original data. Parameter convergence after the

first iteration is somewhat slower than would be found in a

true exponential convergence. This is as expected though,
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since the parameter adjustment gains were not fixed, but were
cycled up and down, and had average values which were less

than those foupd in the continuous case. The convergence rates
.are. thus quite alike when T = 15 seconds as was predicted in--
Section 3.b.

It should be noted that\the'convergence time conétanfg‘-
for K(t) and 7(t) vafy-ffom run-to—-tun iﬁ both the continuous
and Hybrid parametér tracking systems.‘ This is due to the
random nature of the forcing function which determines gon;
vergence. .However repeated trials of the same experiment
indicated £hat the two meﬁﬁods do have very comparable pro-
-perties with T = 15 seconds, even when the parameter adjust—

-ment gains are increased.

~-3.D:3 Convergence on an Actual Compensatory System- - ° -

- To check the convergence of the Hybrid parameter tracker
on an actual ;ystem, the Hybrid parameter traéﬁer wa; used to -
determine the gain and time-delay parameters of a human sub- -
ject in a conventional compensatory control system. The con-
pensatory system used a horizontal arm movément'control stick -
which had negligible inertia and a light spring restoring force.
The subject was a senlor male engineering student with a limited
amount of compensatory tracking experience. The plant was a
single integrator.

The Hybrid parameter tracking system was found to be
stable and achieved convergence within the 20 iterations al-
lowed in all cases tested. Table 7 and Fig. 11 are typical

results obtained.



Table 7

4y

Convergence of the Hybrid Parameter Tracker on an

Actual Compensatory System.

Gain Estimate Kn

Time Delay Estimate ?;

10

i1
12

13

14
15

16

17

19

20

Initial K = 1.985

TKBAR(I,1)= 3,897

___KBAR(1,2)= 4.000

-KBAR(1,3)= 4,152

~ KBAR(1,4)=#.,251

__KBAR(1,5)= b.323

~KBAR(2,1}= bL.4G4

"~ KBAR(2,2)= 4.529

Initial T = 0.305

TBAR(1,2)=0.207

~—-- TBAR(1,3)=0.

1938

© TBAR(L,1)=0.228

T UTBAR(1,4)=0,193

. IBAR(1,5)=0,

- TBAR(2,1)=0.

"~ TBAR(2,2)=0,182

____KBAR(2,3)= 4,571
~-—KBAR(2,b4)= 4,501
~ KBAR(2,5)= k.24

" KBAR(3,2)= 4.700

"~ KBAR(3,3)= 4.715

o KBAR(3,4)= 4,727
-— —KBAR(3,5)= L.735
" KBAR(L,1)= L.760

KBAR(L,2)= 4,771

7 KBAR(H,3)= 4,777

"KBAR(L, k)= Ik, 782

KBAR(4,5)= 4.786

TBAR{(2,3)=0.

190 _

183

181

e o= TBAR(2, ) =0,181 "

" TTBAR(Z,5)=0.181

____KBAR(3,1)= &4,675

ewe.on TBAR(3,12=0.
- "TBAR(3,2)=0,

TBAR(3,3)=0,179
. TBAR(3,4)=0.180 __
TBAR(3,5)=0.,180

TBAR(h,l)fO.
TBAR(L, 2)=0.
TBAR (4, 3}=0,
TBAR(H,4)=0.

TBAR(Lk, 5)=0.

178

179

179
173
179

179

179



45

EQINJTI“Q_HQY]M Iijsl{QlNll!i!LUJ %%EMEL&NR’lQh{I[Q!II 11 |IEEI&IJJ% llli}lll[lJLl$lAlllHHH Illlll-H;
i 1 T F T T ¥

Il\ll T 1T =T T4 &+ T I 77 ¥ T ¢ 1 T i (B LI |
5 =
. u_ = = e v ) T £ e e e e P e ey
Gain K(t) = s e
Seconds = === En
2 —
o =
-ttt
0.3
Time De:].ay T('t) 0.2 : 5_.:‘_4_1_—,;{,‘___,_' oy w2 TS oo S (P o T e
s
econds 0.1 E=
0
h:}::}::::.’:l:':E:::::::
+10
Fast Time Input
ei(nAt)uvolts
¢ SI==E] EEEERE IEEEE a=—ip___,_,=t =
(b=t~ th S = h e B et e e i X
e Y e VIS ZEIEEERE=E= = [=HEREE
=EEEEEE SiES jegs _EEIEi:L_?_i
_101';
1 6 11 is 20
Iteration

;.,../
Fig. 1l Analog Parameter Values Present During the Identification
Run Given in Table 7.
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Iv. A MODIFIED STOCHASTIC APPROXIMATION METHOD OF

PARAMETER IDENTIFICATION

The second Hybrid parameter identification method de-
-veloped and tested is a modification of the stochastic épproxi—'
mation method proposed by Bekey and Neal at the 5th Annual
Manual Control Conference [12,16]. This is an iteratiye, dis-
crete step size, gradient approach that:requires_oniy shoit -
lengths of data from the input and output of the compensatory

control system keing identified.

4.A The Modified Stochastic Approximation Method

To start the identificatidn process samples of Bi(t)_and
Bo(t) are_take? from tbe compepsatory system bging identified
~at-a‘raté-of-20 sampieé—per—seéond for a periéd of -T- seconds. -
(The miniﬁum value  of T is again in the neiéhborhoodtof'ShlS
seconds. Fifteen seconds was used for all work discussed in
this report). The samples are taken through the A-D converters
and stored on the IBM 1130. During the actual identification
process the stored values of ei(t) and eo(t)-are fed via ’

D-A converters into a fast~£ime analog systém. The Bi{t)‘
samples are used as the inputs into two closed loop crossover
models, while the Go(t)'samples are subtracted frdﬁ the cross-
over model outputs to give two model matching error signals.‘
Ideally, four analog models should be used, but the equip-
ment complement of the EATI-680 used would not allow this.
Using two models instead of four merely doubles the number of’

analog runs needed in the identification process.
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To explain the basic identification process, it is best
to discuss what goes on during the nth iteration on one set
of input-output data. The nth iteration requires two analog
runs (since only two analog models were 'used). During both

th

analog runs of the n iteratioﬂ, the estimates of the gain

and time delay parameters of the crossover model are Kn and
L During the first analog run of the n?h iteration,

T = Tn on both crossover models, while K = Kn + c, on model
number one and K = Kn — ¢, on model number two. <, is a

parameter which is defined in Egs. (37). and (38) below..

i

During the second analog run of the nth iteration, K X .

n
on both models while T = Th + dn on model number one and
T=T, " dn on model nuwber two. dn is a parameter also
"défined in Eqgs. (37) and (38) below. Thus, in these two
analog runs, the crossover model is run with four different
sets of parameter values. These values are symmetrically

"placed about the point Kn’ Th in the K-1 plane as shown

in Pigure 12 below.

T
©
bt o

n d ]
0
1

.. e

pn K

K

n

Figure l&l "Crossover Model Parameter Values for

nth Iteration.
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th

While the two analog riuns of the n iteration are being

made, four performance indices are calculated

W

T -
_ 2
Jnl = .iﬂ_el(t,Kn+cn,Tn)dt

w3

Calculated during
first analog run

n2 eg(t,Kn—cn,Tn)dt (34)

(ol
1l
W &“h\ =

2 ™
n3 -el(t’Kn’Tﬁ+dn)dt

<y
Il
Wiy gh\‘ H

Calculated during _
> second analog run

T
- 2 _ (35)
Jn4 = .}~ ez(t,Kn,Tn dn)dt
T J
.3
e; is the model matching error of the ith crossover model.
(See Figure 13). In Egs. (34) and (35) the lower limit on the
integral is %. This allows all initial transients in the ana-

log models to die out before the performance indices are cal-

culated.

Using thesé indices, new estimates of the gain and time
delay parameters of the compensatory system being identified
are made using the following modified stochastic approximation

algorithm:
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Fig. 13 Block Diagram of the Modified Stochastic Approximation Method.




Kn+l = Kn + an(JnZ Jnl)/cn
(36)
Tn+l =Tyt bn(Jntl - Jn3)/dﬂ
where.
- A = B = ¢ - D :
a =4 by =0 —Vg.and a, —T; » n <10 (37)
and
a, = ajgr bn = blO’ ¢, = %p and dn = le’ n > 10 (38)

A, B, C and ‘D are positive constants which are emperically de-

termined. For the work discussed in this report the maximum
. 0.3

lO = :—m and - -

"These were found tJ work guite well with the

values of.cn and d, were-0.3.and 0.03, while ¢
4 o 0.03°

10 'VGI;

system tested. Asg n increases, Kn - KO and Tn > TO, the true

"values of the gain and crossover model parameters.

A block diagram of the system discussed above is given
in Figure 13 and a time-logic outline of the method is found
in Table 8. A complete FORTﬁAN program for the sys%em and'
the analog circuitry can be found in Appendix B.

The method outlined above would be the usual Keifer-Wol-
fowitz algorithm if Eg. (38) were eliminatéd and Eg. (37)
used for all n. The modification was made because'some prob-
lems were encountered with c, and dn getting too small before
convergence was achieved. When extremely small values for

cn and dn are used, convergence cannot be obtained because
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Table 8. Time-Logic Outline for One Modified Stochastic

Approximation Sequence.

Time t Operating Status

<0 1. Compensatory system to be identified is in operation.

2. Analog portion of the identification system is in
IC mode.

0 : 1. Sampling of 8,(t) and 8 _(t) begins at a rate of 20
samples/seconé using A-B converters. Samples are
taken for 15 seconds and stored in the IBM 1130.

2. .Analog system stays in IC mode.

T 1. Sampling stops.
STt " |- 1. PFirst analog run of the first iteratidn begins Wwithr
K=K, and T = T, as first estimates of K and Tt _.
i 1 (o) o
Kl + ¢, and T

2. K

- K

3. Crossover models are placed into OPERATE with a time
scale of 10 times normal,* except for performance
index integrators which are left in IC mode.

= T4 On crossover model 1.
Kl'"'cl and -t -= Ti on crossgover model 2.-

4. 0.(t) and 6_(t) are fed into the analog circuit via
DAC's at 10%times the sample rate.*
'I‘+tl 1. &, -t = 0.5 seconds = 1/3 x T/10. This time is
a}loweg for initial analog transients to die out.

2. Performance integrators (20} and (95) in Figure
B3, are placed into OPERATE.

'I'+t2 1. t2 - to = 1.5 gseconds = T/10.

2. Analog system is placed into HOLD. J and Jl2’
the performance index values for this ¥un are Fead
and stored on the IBM 1130.

3. Analog system is placed into IC with K
T = Tl + d, on crossover model 1 and K
T = Tl - dl on crossover model 2.

K, and

Kl and
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Table 8 (continued)

Time t Operating Status
T+t3 1. Second analog run of the first iteration begins with
the crossover models being placed into OPERATE with
a time scale 10 times normal. The performance index
integrators remain in IC.
2. 6.(t) and eo(t) are fed into the analog circuit via
DAC's at 10 times the sample rate.?*
T+, 1. ty - ty = 0.5 seconds = 1/3 x T/10.
2. Performance integrators (90) and {(95) in Figure B5
are placed into OPERATE.
T+t5 1. t5 - t3 = 1.5 seconds = T/10. ‘
' 2. Analog system is placed into HOLD. J and J14
the performance index wvalues for this fun are read
and stored on the IBM 1130
3.. K, and 1. are determined using K T -J 3 ,‘
T2 2 1° 17 7117 12
Jl3’ Jlé’ and Egs. (34) and (35)-.
4. K2 and T, are typed on typewriter.
5. Analog system is placed in IC mode with K = K2 + d
and T = T, On Crossover model 1, and K = K2 - d and
T =T, on crossover model 2.
T + t6 System is ready for the second iteration. Go back to

T + t r part 3.

*The method was limited to a fast—time operation of 10

times real-time due to the use of FORTRAN programming.
This can be speeded up con51derably through the use of
Assembly language.
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the analog crossover models become insensitive to the very
small parameter changes encountered. cy and dn were thus
limited to minimum values -of-approximately 0.0l and 0.001,
respectively. Good results were achieved when this modifi-
cation vas added. This method further differs from the Bekey-
Neal work in that Ch and dn for n i‘lO are reduced by a fac-

tor of 1/4/ n , rather than 1/nl/6. Better convergence was.

obtained with the values used.
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4.B 1dentification of the Parameters of a Known Crossover. Model

To evaluate the convergence characteristicg of the modified
stochastic approximation method, %he method was first used to
identify a fixed crossover model with known parameters KO and Toe
The input signal used to test -the system was gaussian pseudo-
white noise éassed thfough a 1l/(0.5 s + 1)3 filter.

It was found that accurate convergence was obtained for all
values of Ko and To in the normal range éf human operator para-
meter. values. Tables 9 and 10 give the KO and T, estimates for
several values of KO and Tor and several initial K and T values.
It is seen that, as the number of iterations increases on a given
test, the‘estimatés con&erge to the correct values. Although
accurate convergence i% achieved in each case, the. number of
itera?ions required for complete -convergence varies from run—
to"ruﬁ. This difference is undoubtedly dug to the run-to-run
variation in the noise signal used for ei(t)'. In mo;? cases

tested, convergence was achieved within 25 iterations.

4.C TIdentification of the K&} T, Parameters of a Human Operatoxr

To test the operation of the modified stochastic approxima-
tion method on a real system, a six day compensatory tracking task
test of a previously untrained subject was conducted. An arm
movement contrgl stick and test situation exactly like ‘that dis-
cussed earlier was used. The plant controlledlwas a single

integrator, and the input signal, Bi(t), was generated by pass-
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Table 9 Two Examples of the Convergence of the Modified Stochastic
Approximation Method on a Known Crossover with K =4.0 and
T =0.300. ©

o
n —...Time Delay Estimate ..Gain Estimate ...
Y. T=0.1700 .. K= 9.9993
2, = 0.1602 K= 6.4872
- DR ~-T= 0.1577 K= 6.0111
S T o T= 0.1602 K= 5.5351
5. T= 0.1651 --K= 5.1322
———B,- - - T= 0.1748 - K= L,7294
B 7. = 0.1919 K= 4.,3632
: 8. = 0.2090 K= b4,1434
—8, - —T= 0,2285 - - K= 3.9603
10, 7= 0.256 K= 3.9603
11, - = 0.2603 K= 3.9603
— 12, -— - = 0,2701 K= 3.9969
15, = 0,2823 K= 3.9237
1k, = 0.2896 K= 3.99069
—--15. —-- —T= 0.2969 ---K= 3.9603
16, 7= 0.2969 K= 3.99069
. 17. = 0.2969 K= 3.9603
e 1B e - = T (0, 2969 K= 3.9603
19, . T= 0.2993 _K= 3.9605 _
T 20. = 0.2993 K= 3.9237
—=—=21, --—e=-T= 0, 2969 K= 3.9237
22, T= 0.2993 __ __ . K= 3,9969
23, = (,2993 K= 3.96053
= 2 ————~T= (0,.3018 K="3.9969
I T T T T= 70,2000 K= 5;0000°
2 e e = T= 0.2097 K= &.5971
3. = 0.2268 K= 4.2309
TR T 7= 0.,2415 K= 4,0478
————— 5. ———~T= 0.2561 ; K= 3,8745
6. = 0.2732 K= 3.93%79
TS T T 7= 0.2830 " K= 3.97&5
_—— -8 - T= 0.2903 = 3,745
9, = 0.2927 K= 3.97h45"
Y10 T= 0.2927 K= 3.97LhS
— --11, e = (3.2952 K= 3.93789
12, = 0.2952 = 3.9379
13, = 0.2952 K= 3.9745
bl A PR ECIEE = (.2952 = 3.9379
15, _T= 0.29%52 = 3.9379
16. = (.2976 = 3.9379
-—17.- ~- - = 0.3000

= 3.9379
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Convergence of the Modified Stochastic Approximation

Method on a Known Crossover Hodel

Table 10
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ing gaussian pseudo-white noise through a 1/(0.5 s + 1)3 fil-
ter.

The subject, a male junior engineering student, made five
tracking rﬁns a day fof éix days. Each run lasted 66 to 75
seconds. Apﬁroximately 45 secénds int& each run, the samples
of ei(t) and Bo(t)’wére started at a rate of 20 samples per
second, and were taken for the next 15 seconds. These samples ’
were used in the identification process.. -

’The results of these teété are given in Figure 14. This
figure gives the maximum, minimum, and‘average values of the
five estimates of Ko and To made éach day. The values are quite
in line with wvalues. found by previous methods, and show the usu-
“al trends oé the-avefaée values aé a‘fupction of continued p£ac—
tice, [5,6].. Table 11 gives .examples of the type of.convergence
achieved éﬁriﬁg these fésts.

The oniy odd éoint found iﬁ the analysis was the estimate
6f KO =.8.49 determined on the fourth day of testing. This
value was generated during a time when the subject later ad-
mitted tq—“haviné experimented" with his arm movements by -
trying a large amount of dither.in his movement. Whether the
dither actually increased his appareﬁt KO, or merely bilased

the parameter estimate,'has not been determined.

4.0 A Crosscheck of the Two Identification Methods

Both the modified ‘stochastic approximation method, and

the Hybrid parameter tracking method have been shown to converge



Time Delay 7- Seconds

Gain X - Seconds
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v

. Q
It

Daily average.

Daily max or min value.

[

Day of Training

0.351

0.301

0.25

0.201L

0.154%

—her

Day of Training

Fig. X K and v _ Estimates for one Subject.
sRochastic Approximation Hethod.

Obtained by the Hodified
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Convergence of the Modified Stochastic Approximation
Method on Two Runs Using an Actual Subject.

Time Delay Gain
n Estimate Estimate
1 -= -T= 0.2500 —- ~K= 14,0000 -
2+ . T=0.2752 K= 5,3183
3, = 0.2927 = 5,2493 )
B T= 0.2479 - = 5,2185 P;ritFE¥
Se_ .. _T=0.2983_ K= 5,2121 g §alnt“g
6. = 0,2990 K= 5,2175 un fo. .
— 7 e = 0.2990 ~— -- = 5,2212 -
3, _T= 0.2998 K= 5,222L
R T=0.2998 K= 5.222L
— 10 =Tz 0, 3000 —w- K= 5,224k
11, _T= 0.3002 = 5.2225
17, T=0.3002 = 5.2244
13 o = =Tz (), 3004 - K= 5,225 -
14, T= 0.3003_ = 5,224
1. T= 0.2000 K= 5.0000
e @ orm meeee T2 0, 2614 - K= 5,7904 - - ”
3. T2 0.2893 K= 5.7904 of Traieing
K, = 0,2690 K= 5,6512 Run No. 1.
5. ——T=-0,2799 - K= 5.7427 ---
A 6. __T= 0.2806 __ K= 5.7468
. T= 0.2806 (= 5,7493
8. T= 0,2807 ---K= 5.74L93
9. T= 0.2808 K= 5.7461
10 = 0.2811 = 5.7471
11— -F= 0,2811 - ~ K= 5,7L81
12, CT= 0.2811 = 5.7481 _ _
13. T= 0.2810 K= 5, 7590
— b - = 0.2812 = 5,7490
15, T= 0.2813 = 5.7481
- = 5.7L90

0.2812
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on fixed crossover models and on actual compensatory systems.
The convergence of both methods on fixed models was found- to
be relatively guick and quiﬁe accurate. To check the parameter- -
values obtained by the two methods while identifving an actual
- compensatory system, the methods were used to idéntify a
compensatory system while: using exactly the same data.” To
accomplish this both identificatién routines had to be_modi—
fied. —

The major changes necessary were in tﬁe modified stochas-
tic approximation method. First, the operate times of the pexr-
formance Lndex integrators were changed so-that -they were in-
operation over the last half of each Iteration (% <t <-T). 7
This brought this method mére in-iine with the Hybrid para=-
meter -tracking.method where: the K6~and Tb-estimateSrare-ob~
tained by averaging the K(t} and t{(t) values present_over the
last half éf each iterétion. Seéond, the modified stochastic
approximation program was altered so that the 65 (t) and 8, (t)
samples taken from the éompensatory system could be punched
on cards. These cards were then used by the Hybrid parameter
tracking method.

The only change in the Hybrid parameter ﬁracking program
was to allow the Bi(t) énd eo(t) samples to be obtained from
punched cards, rather than from on-line A-D convérsion.

A partially trained subject was then run on the compeh—
satory test described previously. The modified stochastic ap-

proximation method was used to estimate K and To and the Bi(t)
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samples were punched on cards. These cards were then used by
the Hybrid parameter tracking system and new estimates of Ko
and T were obtained. These estimates are given in Tables

12 and -13.

.In Table 12, .the modified stochastic approximation method
estimates-are.KO = 4.60 and~TO = 0.269. In Table 13, the Hy-
brid parameter tracker gives estimates of'Ko = 4,29 and Té =
0.271. The T, estimates are nearly identical, while the K,
estimates differ by slightly -less than seven percent.

The differences in the estimates of the two metheds - are
undoubtedly -due to a combination cof noise and performance in-
:dices. The performance indices used in the two methods are not
. identical. One is the integral ¢f the .erroxr squared, Egs. {(34)
and (35), while. the other is-a centinucus--error -squared, Eqg: -
{2). The effects of noice, or remnant [Q]f in the two cases
are prokably not identical. Which identification method does
the best job of minimizing the effects of noise is vet to be

determined.
V. CONCLUSIONS AND EXTENSIONS

-~ The evaluation tests completed on-the -Hybrid parameter
tracking and modified s£ocha5tic approximation technigues
indicate that either method can be used to accurately iden-—
tify crossoﬁerlmodel parameter while using only short lengths.
of input-output data from the compensatory system. At their

present stage of development, both methods are essentially
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Table 12 Modified Stochastic Approximation Estimates Found in
a Comparison of the Two Identification Methods.

Time Delay Gain
n Estimate Estimate

1. T=  0.3000 K= 04,0000
YT T T=T70,2686 7 K= b,B858 Y
3. - T=__0.2680 ... K=._h, 6615 ...
b, T= 0.2676 K= hL.6483 o
TR LT U T=TT0, 2677 K= T oh.eLhbhbs T
6.~ T=—0.2679 .-..K= 14,6397 -
7. T= 0.2679 K= 4.6349
8.7 T=""0,2680 K=o 7Lk.6319 7
8. _T=__.0.2681 ... K=.. h.6297 ...
10. T= 0.2681 K= 4.6273
Tl T TTTTT=70,2681 0 T K="TU4.6250 T
12, ~T=_0.2682 k= . B,06228 .
13. T= 0.2683 K= 4.6206
1L T=""0.2683 T K=TThi6197 .
15.. JT=_0.2684 . .. K= .4,6188 . .
) 186, T= 0.2684 - K= L,B6165
7L, CTTTTTTT=ETT0. 26847 T K= L.Blu3s T
18 e T=__0,2684 K= 4.8125
15. T= 0.2685 K= L.6120
T 20.77 77T T="70.2685 K= L.6107
——21 . - T=_._0,26856 K=. h.6103
22. T= 0.2687 K= L,60894
23,7 T T=" 0,2687 K= " 4.608h
—2h,. - _TJ=. 0.20687 K= . 4.,.6094
25, T= 0.2687 K= L.6076
""" 26, "7 T=""0.2688 K= L4.6071
—_ 27. . T= 0.2688 K= L4.B6062
' 28, T= 0,2688 K= 14,6058
28, ° T= "0.2688 K=" L,6049
—30, -~- T= 0.2688 K= L.60u4b
31, T= 0.2688 K= 4.6049
T 32,7777 T= 0.2688 K= &4,6053
——.:33,- .-T= 0.,2688 K= 4.6053
34, T= 0.2688 K= hL.,60kL
TTTTER T T= "0,2688 K= L4.,6049
e 36. . T= 0.2688 K= 4,600
37, T= 0.2688 ‘K= 4.6040

i
[
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Table 13 Hybrid Parameter Tracking Estimates Found in a Comparison
of the Two Identification Methods,
n Gain Estimate K; Time Delay Estimate ?ﬁ )
TInitial K = 1.985 Initial T = 0.305

. KBAR(1,1)= 3,351 TBAR(1,1)= 0‘_230 __-
,  ————-KBAR(1,2)= 3.665 wer - - TBAR(1,2)=0.276
4 TTUTKBAR(1,3)= 3.82%  ~TT TUTBAR(L,3)=0.275° 7
w __ KBAR(L,4)=3.920 TBAR(L,4)=0.275
5  __.__ KBAR(1,5)= 3.988 ..TBAR(1,5)=0.274 .
6 77 KBAR(2,1)= Lk,111 - © TBAR(2,1)=0.274
S (3 TR T I N T
8  ____ _KBAR(2,3)= 4,187 . ... . TBAR(2,3).=0.273 B
9 L"""""“KBAR(Z W)= 5,208 C 7O TBAR'(z §)=0.273
o TRBRLDE s ez sie0 2
11 ‘___‘_M-_KBAR(3,1)= B4255 e e TBAR(3,1)=0.272 o
2 TTTTUKBAR(3,2)= h.266 T “';FBAR(3,2)=O.272
13 KBAR(3,3)= 4.270  TBAR(3,3)=0.271
1% .. KBAR(3,4)= 4,273 ... TBAR(3,14)=0.272 ...
15 -TUUTKBAR(3,5)= 4,276 © " TBAR(3,5)=0.272
"16 KBAR(H,1)= 4.292  TBAR(K,1)=0.271
17 .. KBAR(L,2)= L.204 TBAR(L, 2)=0,271
18 KBAR(L,3)= 4,290 TBAR(L, 3)=0.271
18 KBAR(E, W)= 4,20k ~ TBAR(K,14)=0,271
20 - KBAR(4,5)= 4,293 TBAR(Y,5)=0.271
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batch processors that use fifteen seconds of dinput-output
data, and take approximately one minute to. generate the
parameters that were present over.that f£ifteen second inter-
val.. These methods as they stand, can certainly be valuable .
.tools for laboratory experimentation. It is the author's
opinion that these methods are superior to most methods pre-
sently being used in the measurement of human operator transfer
. functions.

There are, however, several modifications that can be
made to either method, which will increase their utility.
These are avenues for future research, and will be discussed

briefly below.

5.A Reduction of Total Computation Time

Preséntly, it takeé approximately‘one minute of coﬁpun
tation time for the identification systems to converge on
their KO and To estimates. This time can be shortene@ by at
least one, and possibly two; orders of magnitude by writing
the coﬁputer programs in Assembly rather than_FdRTRAN iah—:
guage:

Another chénge which can be made in both programs to
reduce the total computation time is a reduction in T, the
length of the input-output samples used in the identification
process. Fifteen seconds of data were used in all tests dis-
‘cussed in this repdrt. The theoretical work of Section III-C
indicates that fifteen seconds of data is longer than is ne-

cessary for convergence to be achieved. Future experimenta-
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tion will be directed toward determining a practical minimum
value of T.. One consideration here is ‘the effect that noise,
or remnant, has on the parameter estimates. As T gets. shorter,
the -aeccuracy of the estimates is likely to deteriorate. Since
the gains made by going to Assembly language will be much
greater than those possible by reducing T, it may be that T
should not be reduced just to lower computation time. This
will be evaluated.

One additional change, which would affect the convergence
properties of the two methods and bring_about further reduc-
tions in computation time, is- the refinement- of the parameter
adjustment algorithms. In partipular{ in the Hﬁbrid para-
meter tracking method, the parameter adjustment gains are
cycled- up-and down each five iterxations for a total of"twentf‘“'
iterations. It is doubtful that either five or twenty are
optimum numbers at the present time. Further improvenent

here is certainly probable.

© 5iB Simultanéous‘Sampling ahd Identification

The most significant modification to be investigated in
future research would appear to be the possibility of si-
multaneous samﬁling and identification. In this modification
real-time sampling of the compensatory system and the. fast-.
time iterations of the Hybrid parameter tracking model would.
"be done simultanéously. Theé compensatory system under test
would have its input and output sampled at a fixed rate.

Call these samples Bi(nAt) and BO(nAt), respectively. If

it is assumed that N samples are used during each fast—-time
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iteration, then the input and output signals to the fast-time -

parameter tracking system during the first iteration would be

N N
E ei(nAt) & (to‘_ nAt}) and E eo(nAt) 8 (tO - nAt)
n=1 n=1

respectively. (to is the time scaled time variable, and

G(tO - nAt) is a delta function located at to = nAt.})- While
this first fast—time iteration is being made, d new samples
of ei(t) and eo(t) from the real-time system would have been
taken. Thus, the second iteration of the fast-time model

would use input and output signals of

N+d N+d

E- -Bi(nAt) 6'(to - nAt) and E : “eb(nAt) 8 (tO - nAt).
n=k+d - ' n=k+d '

Each iteration would therefore use d ﬁéw data points while
discarding an equal number of the oldest data points stored.
The gradient éains in the tracking system would again by
cycled up and down in order to obtain good convergence. If
this modification is written in Assembly laﬂéuage, one itera-

. tion sﬁould be possible each second or two after the first-W
samples” are taken in. A rlunning estimate of ‘the KO and T
parameters which were present in-?he system over Fhe"last"w -
T seconds would thus be continually available every second

or two. This would enable the identification system to be

an on-line device, where the Ko and T, estimates could be
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used to monitor and/or aid in control of the system being
ddentified. The method would also be valuable <in <checking

the variations which occur in KO and T, during a normal com—

pensatory control task.
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VII. APPENDIX A

Appendix A is a listing of the digital computer program
and analog circuitry needed to implement the Hybrid parameter

tracking method Ffor the identification of crossover model

parameters.



// FOW

#10CS(1132 PRINTERDISKsCARDyTYPEWRITER s KEYBOARD)

XONE WORD INTEGERS
#LIST ALL
C PROGRAM FOR IDENTIFYING THE GAIN=K AND TIiME DELAY=T PARAMETERS OF
C A COMPENGATORY CONTROL sYSTEM USING HYBRID PARAMETER TRACKING,
C 15 SECONDS OF INPUT/QUTRUT DAIA ARE USED IN IDENTIFICATICN PROCESSe
REAL X. .
DIMFNSION XRAR(&s5) s TBAR(45)
MIMENSION TVAL(2000,2) s IVALUCLIBY sIVALE(L5) 9 IVALK (20001 sIVALT(2000)
C SET INTEGRATORS 00 AND 95 ( K AND T INTEGRATORsS) TO [C MODE
CALL RSCL(D»I1ER)
CALL SSCLILsIFR)
¢ SET ALL POTS TO DESIRERD VALUES, THEN PAUSE FOR MANUAL ANALOG RUNS.

CTALL SPOT( 00%, 4500s» 5 IER)
CALL SPOT{ 005, £000s 5s IER)
CALL \SPOT( GO&y 95204 5 +IER)

CALL SPOT( 007s 4000y 5y 1ER) .
TALL SPOT( 0COBs 95204 51 IER) c
CALL SPOT( 009y 15005 54 IER) f,,,»ffggggﬁijfm\
CALL SPOT( 030, 900Cs 5, IER) T REPR

CALL SPOT{ 032, 5000s 5, IFR) §:<§0

CALL SPOT{ 033» 4000+ 5y IER) »
CALL SPOT( 235, 2500s 5, IER)
CALL SPOT( 0738&s 5000 5» IER)
CALL SPOT( 03%7: 2000s 5: IER)
CALL SPOT( 0738, 5000» 5s 1ER}
CALL SPOT{ 039, 1500y 5» IER)
CALL SPOT( G&60s £500s 5» IER)
CALL SPOT{ 061s 1000s 5y IER)
CALL SPOT( 062+ 25009 5, IER)
CALL SPOT{ 0A2» #000s 5, [ER)
CALL SPOT({ 0&5s 5500y -5s IER)
CALL SPOT{ 067 2000s 5 IER)
CALL SPOT( 088s 20005 5y IER)
CALL SPOT( 0954 45009 5, IER
CALL SPOT{ 097: 50005 5» IER)

[

-

-
—

-

r

Hybrid Parvameter Tracking Program (page 1 of 4).
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100
101,

NO 2 I=1515

IVALULT) =0

CALL LBDA(0s7sIVALUSIER)

CALL TLDA '

INPUT NORMALIZED INITIAL GUESSES ON K AND Te

IVALUL3)=6500

IVALU(4)=10000

CALL LBDA(2+732IVALUSIER)

CALL TLDA

SET GRADIENT GAINS TO INITIAL VALUE SO THAT MANUAL ANALOG RUNS
CAN RE MADF IF DESIRED.

IVALULL) = 20000

IVALULZ) = 25000 -

CALL LBRA(C,1» IVALU» IER).

CALL TLDA

PAUSE 1000 - » :
USER PRESS PROORAM START TO INITIATE SAMpLING OF 15 SECONDS OF DATA
CALL STCO(0»IER) '

CALL SAMO{4,1ER)

SAMPLE INPUT/OUTPUT DATA OF THE COMPENSATORY CONTROL SYSTEM FOR
15 SECONDS AT A RATE OF 20 SAMPLES PER SECOND.

PO 100 1 = 1,300

CALL DELAY(.044)

CALL CREBCT(1s2»1VALU»IER)

IVAL(T 91 ) =TVALUL2)

IVAL(Ts2)=1VALUI(3)

CONTINUE

CALL SAMO(G»IER)

CALL STCO(L1,IFR)

PAUSE 1200

(page 2 of u4)
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ANALOG COMPUTER SET TO FAST TIME OPERATION, USER PRESS PROGRAM START

TO START IDENTIFICATION PROCESS.
DO G000 M=1s4

M 300
11 1
AN 151

I I}

INPUT / QUTPUT DATA IS PUT INTO FAST MODEL AND ITERATED 5 TIMES.

DO 500 L=1s5

GRANDIENT GAINS ARE REDUCED BY 1/8QRT(L)

L= L

[DUML = 20000./5QRT(ZL)
IDUMZ = 25000./SCRT(ZL)
IVALUCL) = iDUML

IVALU(2) = IDUM2

CALL LEDALOs12IVALUSIER)
CALL TLDA

CALL SAMO({4»1ER)
DO 200 I=11.MM
IVALUSY=IVvALI{TI»1)
IVALUGE ) =TIVAL{TI2)
CALL LBDAl4sS [VALUS IER)
CALL TLDA
R=5e45,
R=2 s
R=?
R=?e .
CALL CRBCU(3+4IVALES IER)
IVALK(T)=TVALE(4)
IVALT{I)=IVALEZ (5]
IF (1-100) 2005199.200
199 CALL RSCL({1,IER)
CALL SSCL{OLIER)
200 CONTINUE

e
- - \SQJ\%\, -
- Qg - -~
g QRQ‘ -
~w N
OO 3
-

(page 3 of U4)



CALL SAMO(5,1ER)
CALL RSCL{CsIER)
SUMK =040
SUMT=000 '
DO 300 I = NNyMM
K TVALK(T)
T IVALT {1}
SUMK = SUMK + K
SUMT = SUMT = T
300 CONTINUE
SUMK = SUMK /327607
SUMT = SUMT /32767 . '
AVERAGE VALUE OF K AND T ARE FOUND OVER LAST HALF OF ITERATION.
C XRAR{MoL) = SUMK/150,
TRAR(MsL) = SUMT/150.
WRITE(1210) Mol oXBAR(MaL) sMsl s TRAR (Myl)
lolzgRg?T(/SxﬂKBAR{’9119'9'9119’ )=ty FBe310Xs ' TBAR (! 91__15'9';119' j=1t,
CALL SAMD{6:I1ER)
INITIAL CONDITIONS FOR K AND T ARE SET TO THE AVERAGE VALUES OF
THE PREVIOUS TTERATIOM,
XK=XBAR (ML) #3276 47
T2TRAR (ML) ¥32767 0
TVALU(3 Y = XK
IVALU(4) =T
CALL LBDA{253»1VALUS IER)
CALL TLDA
CALL SSCL{1+1ER)
500 CONTINUE
Q00 CONTINUE
PROGRAM RETURNS FOR NEW SET OF DATAe

ioH

- GO TO 1
999 CALL EXIT
END

(page 4 of 4)
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Amplifiers 02, 03 and 06 are on the TR-48

White Noise 8. (t)
Source 10 = 10 N 10 : i
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10 \\4/ 10 \nz} 10
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-10v. S.T.
ADCL
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1

S
v

Fig. Al Input Signal Generation and the Compensatory Comtrol System.
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NT SHER

T LAI 680

PATE_June 8. 1970

AMPLAIFIER ASSIGHIE 79
NAME @, Jackson
PROBLEH Hvbrid Parameler Trackep
Amp: | Static | Normal | Peak )
Verieble it Check IC Voltage Comments
K 00 2.0 .
wlp
z~8, (t) 01 4.0
1
03 -3.82
0L -5.0
05 5.0
el 06 5.0
—-ul/5 08 1.4
~z(t) 30 -8.0
31 2.0
33 0. U
35 -2.5
36 | -1.5
38 5.0
-5u 60 -4.5
o
24 51 7.2
o
63 1.3
66 |-1.0
68 3.33
9l -65.5
~1.5¢e gL -8.5
10T 95 3.0
1.5e 96 8.5

R

e | LU U EVN. 1.4
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- AMPLTFIER ASSICN{LNT SHEET TRus DATE 6-8-70

NaME ¢, Jackson

PROBLEL Hybrid Parameter Tracker

Amp. | Static | Normal | Peak
4

Variable # Check ic Voltage Comments
02 -
03
06
31 -1.224

[ S
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POTENTIONETER ASSIGWNSHT SHUET EAIGS0

DQTE 6-8-70"
NAME G. Jackson
PROBLEM Hybrid Parameter Tracker
Pot Pot. Amp ., Amp .
# Coefficient Setting | Gain i

03 Parameter Adjusiment Fixed Gain 0.660

07 ‘Scale Factor 0.400

09 Scale Factor for e(t) 0.150

30 5.T. 0.900

32 0.500

33 0.400

35. S.T. 0.250

36 ° S.T, '0.500

37 . 0.200

38 S.T. B T 0.500

39 Scale Factor for e(t) 0.150

60 S.T. 0.450

61 0.100

62 0{250 _

63 0.400

‘65- S.7T. 0.550

B7 0.200

68 0.200

95 i ' 0.600

9? 0.500
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POTENTIONETER ASSIGHNMENT SHEET TRuS8 BATE _6-8-70

MAME G. Jackson

PROBLEM Hybrid Parameter Tracker

Pot. ) . Pot. | Amp. Amp.
I Coefficient Setting | Gain | #
00 | 1/5B 0.1400
o1 | 1108 - - Jo.200°
02 { 1/10B ‘ - {0,200
02 | 1/108 ' ' 0.200
07 | 1/10B : 0.200

1. These ayre filter coeffecients for
L
(BS+1)

3 where B=1/2
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VIII. APPENDIX B

Appendix B is a listing of the digital computer pro-
gram and analog circuitry needed to'implement the modified
stochastic approximation method forfidentification of cross-

.over model parameters.



11419100¥d3Y 10N J

]
|

)

I

faXal
LY

NIMENSIONTNG VARIADLES
DIVFNSIONS £0% CROSSOVER LOOR 1
NIMENSTON 7¢1{100), ZK2{100})s TAU3Z(100)
DIVENSIONS FOR CROSSIVER Lonp 2
NIYENSION 243(100) s TAUL(100)» TAUZ{100)
DINMEOSIONS FOR ADJISTING PARAMETERS
NIMERSTIOM AYON(100), RMON{100), CVON{100)s DVMCD(100)
DIMEMSTIONG FOP INTEGRAL SAUARFD ERRORS
NINMENSTON ZISF1L10054)s 715F82(10044) :
NIVENSIONS FO7 TRAMSFERIMG PEREQRMANCE INDEXFS
NIMENSTON [PF({6) :
DIVMENSIONS FOR SAMPLING OF - THE KNOWN SYSTEM
NIYMENGTOM CNOWNT 4 ) ,
DIVENSIONS FOR STORING THE SAMPLED INPUT OUTPUT DATA
NIVMENSION TNPUT(1202)s 10OUT(1202) : o
DIVENSIONS FOR SETTING THE DAMS
NIMENSION TVALULG) o - :
DIVENSIONS FOR FEFDING THT SAMPLES INTO FAST MODE
NIVENSTION IFASTI(8) , ‘
INITIAL VALUF OF A CONSTANT . .
7PRO=1 40 - Ce
SFLECTING NESIRED ANALOG CHANNEL
CALL SACN (1 IER) Y
CONSTANTS FOR DARAMETER ADJUSTMENT ) *;Rgpv“ - -
Az2, _ . PR
R=l, l “Q“ -
c= 3 | S
M= N3 "
7100 = 1.0
7PRO=ZPRO 4+ 1,0 :
CONSOL INSTRUCTION ON PROGRAM OPTIONS DEALING WITH PRINT OUT
WRITFE (1s 5N0) -
EOPMAT ('OPTIONS USING DATA SWITCHES!/)

Modified Stochastic Approximation Method Program (page 1 of 10)
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17810N00Y¥d3Y LON

- WRITE

501 EOPMAT.
© WRITF

N2 FORMAT.
WRITE

502 - FORMAT
WRITE

504 © FORNMAT
WRITE

504 FORMAT
WIRTTE

507 - FORMAT

{

- o

H

1
{
(T
{
(1ls
(5

(1,
{1

{1l:

C SET ANALDG

. CALL

SAMD

C SETTING THF

7 CALL
CALL
CALL
calLl
CALL
CALL
rALL
CALL
CALL
CALLL
caLl

oAbl
CALL
cAaLL
CALL
CALL
call
CAlLL

SPOT

soaT
SPOT
5P0T
seorT
senT
SB07
sSpaT
SPOT

SPOT

SPOT
5007
50T
§00T
SO0T
SPOT
SPOT
SPOT

-

501)

Ke 15U 1} Ur FOR

502

Xs '5W 2 UP FOR

503} .
tSW o3 UP FOR
50“) :

(wye sw 4 UP FOR

504%)

(BXs T3W 5 UP FOR

50°7)

{5Xs PEW 6 - UP FOR
MODE TO POT 57T

{7+ IRR)

{001 «A646:32TER)
{002 6666335 1ER)
{004 27000+2,1ER)
{(N05 4200035 TER)
(007500042 ER)
{009 2000434 1ER)
(N30 2000, IER)
{024 ,8000:3wIER)

{(025+8000s3IFR) 7~

(035920009?9I¢?3
{060 » $2000,3,1FR),
(06750300 Iy IER)
(OAR4 50003 1ER)
(D65 +5000.3,TFR)
{06ﬁ97000739TERJ
(0A8D300+3 . TER)
(090 ,5000+32157)
(N1 4150053 sIER)

STA!IC Cn_CK')
EXIT FROM ITERATION LOOP!')
CONSOL PRINT CUT!)

NQ WAIR PRINT QUT')

NO PRINT OUT AT ALLT)

PUNCHING OF AN'INPUT=QUTPHT  DECK

POTS TO THE NESIRED VALUE S T

page 2 of .10)
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314191004434 10N

5
i
i
]
1

2

CALL
cALL
CALL
CALL
CALL
CALL

SET ANALNG MDODE T0O ROT

CALL

NOwEPAUSF TO SEE

CONSOL

WRITE
CORMAT

17ART

PAUSF

MOW COME THE STATEMINTS CHANG

no o725

Z1=1

17 STATENMENT

IF (11~1)

AMOD (I =
PMON (1 )=

{095 45000433 1ER)
(09224000473 1ER)
{(N93,46000,341ER)
(N6 15003 1ER)
(N7 24000,3TER)
(D08 « 2000234 1FR)
CHECK

SROT
SPOT
3007
5PN0T
5e0T
SenY
SAMQO {3 IER)

1F POT
IMNGTRLICTION
(1. 17}

(/77 RPAUSE 10 CHFECK POTSs TO

SETTINGS AKE
FOR POT CHECK

QHTTOMI//)

ING THE
I=1+ 100

TO STOP THE
iy P4y P27

{A/71)1%327607
R /7T

CMOD{ I = O/ (7T #% (L u/bs )} ) %2276 7
MO )=/ (7 F%% (] /Bs )]

GO TO 2565
AMODLT Y= AMOD(I=1) -
QMOD (Y =s RUODI{T=1) Y
CVMON{T )= CMND(1~1) N
AMOG{ )= DMON(T~=1)
CONTINUF ®
SETTING THE VALUES QN THF DAMS
LNOBS
TVALLI(1) =1
VAL 20

(page 3 of 10)

TO ZERO FOR SAMPLING

CORRECT )

CONTINUE PRESS THE PROGH

PARAMETER ADJUSTERS

ADJUSTMENT AFTER THE 10 TH ITERATIOCN

/’/‘EYR e
Wt S
-

TOF TXNOWN

AN

5

93



77

20

32

30

IVALL(3) =0
IVALU (/) =0
CALL Lanha
CALL TLDA
IFAST {5} =0
IFAST(A) =0
CALL 1LRDA
CALL TLRA

CALL STCO

SET ANALOG MGDE TC IC
CALL SAMO (6. 1ER)
SET ANALDG TIME COMS

(0 TFRJ

(N3, IVALUS IRER)

{aaB IFASTSIFR)

S TANT TO NORMAL

SFET ANALOG 1 OGIC YONE TO RUN

CALL SL¥0
COLLECT 20N
CONTINYE
SET ARALDG M
CALL SAvO

(1s IFMR)
SAMDLES IN

15

Onf 70 OPERATE
20 SAMPLES/SEC |

( 4y IFR )

CAPDS TO SAMPLE DATA

RO 3N U= 1
CALL CREC

CONTINYE
CALL SAMO

SEFT ANALNG TIME COMNSTANT TO

CALL S§TCO

SETTING
ADJUSTHRNT

s 300

{Nsl s MMOWN, IFRY)
MPUT () =l NOWR ()
TOUTLI Y=Y MOWNT2)
CALL DELAY { 049 )V

{5y 1ER)

{1y TER)

THE PARAMETER VALUFS FOR
PROCEEDURE

(page b of 10)

SEC FROM THE UNKENOWRN

NORMAL % 10

THE FIRST

SYSTEM

RUN THROUGH THE

L8



iR
A

CONSOL INSTRUCTIOM EOR COMMENT LINES
WRTTE (1,
AL

Qhds)
EORMAT (tPROGRAM COMMENTS
1 70 ORTAIN

{USE FRASE FIFLD vFy 3EFORE COLUMN 78

SESIRED MUMBER OF LINES. TO COHTIRNUE PRESS EQF KEYY'///
2/) .

DEAN TARDS NECESSARY FOR COMMENT LINES OGN CONSOL

READ {fne 245 ) JUINK]

FOPMAT (79%, A1)
WRITE (1 937)
<37 FOOVAT (//)

SET ANALOM MONE 70
CALL SANMO ‘(£
C

A45

PRINTER

IC

1E2)

CHECKIMNG TO SCF IF STATIC CHECK IS DESIRED
CALL DATSW (1 INTY

THE {2=IMT}Y 47 A7, 51

CONROL TNSTRUCTION FOP STATIC CHECK
WRITE (1, %97}

FOPMAT (/7 'PAUSE
CALL STAT
c CONSOL INSTRUCTION

&7 WRITFE (1,

45

A1
59

Fo®

AUTOMATIC STATIC CHECK!'/)

FOR STLECTING STARTING
483

)
1

POINT
FOPMAT(//VTYRE INM FLOATING RPOINT VALUES FOR Y {SPACES 1-8) AND
1TAL (SPACES 7-12) ')
READ CARDS FOR STARTIMG AND T FROM COMSOL KEYRQARD
DF/\F\ (ﬂ, le) !\Ar\g PR
&R FORMAT (2F(e7)
F')’.'?

' WMRITE (1 Q45)
QL4 FORMAT (//)

CARNS SFTTING INITIAL DISTANCES AWAY FROY RASE POINT
PR ) =AAARAD T 607 : :
TAUR (1) =p0p
7K (1) =2v 20 1) 4CMON(1)
7¢2 (1= KA (1) =CMOD(1)

TAUL (1) = TANA (1) +0MOD (1 )

TAYZLI Y =TAUS{L )=DvY0OD(])
C CONTER |
C

MATN P DO LCOR. PLANED EXIT IS BY CHOICE RATHER THEM
Ay COMPLFYION OF THE DN LGOR ’

¥ LON
o

POINT- X

\ 11819000843
T

I et
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C110 ¥=1, 100 ' .

¢ DﬂTA SWITCH RY wHICH FXIT FROM THFE OUTER DO LODP MAY RE ORTAINED™ ™
72N CALL DATSW (2: LETGO) ‘
IF O (T~LETGDY 131 131y Ra2
¢ CONSOL IMSTRUCTION 7O REMIND OPERATOR TC RETURN SWITCH TO DOWN POSIT
nLp WRITF (14 849) - '
Ren FOPMAT ( £/ VRETURN DATS® 2 7O DOWN POSITION'//)
GooTO 113 - - - B R LI
C SET ANALOR MONE TO 1C
139 CALL SAM0 {6, IEPR)
C TONOW USFE DO LDOP TO SELECT WHICH MODEL YOU ARF GOING INTO ~ T
NOOTO Vimls?
c CHONSING CORRECT PAPAMETERS DERPENDING ON THE LOOP ' \
C FIRST LOOD ADJUSTS K -SECORD LOOP ADJUSTS T ' T mmme e e s
IF (1=K} 55, 50 50 '
=0 TYALULL1Y=(1. /TAU%(V))’?’? -

IVALU(? Y =7k () Tt T
IVALUCZ) = TVALU(L)
TVALU{ 4} =7 K2 (i)
. GO TO 6’) . - - P FITE . - - W h emhEE b mge vmmdn wm ek p g mame o o p=
RS IVALIH Y =03, /TAUL{MY ) *327647
IVALU( 2 =2K3 (M) :
IVALU(2) =2 (1a /TAUP (MY )Y R32T6eT - T o e e e
TVALU(LY sTvalLli(2) .
&0 CALL LRBDA (0, 3, IVALU, TER)
6 b " OCALL TLRA ;
C SET ANALOG MODE TO IC
CALL SAMO (Ay IFR)
SETTING THE INDEPENDENTLY CONTROLED AMPLIFIERS TO THE 1C CONDITION
USING CONTROL LINES .
CALL RSCL {0y 1IE
CALL SSCl (1 TFR) T )
¢ MO HA”T WHAT FVER MODEL IT 15 GO THROUGH ITS VALUES
C SET ANALNG MODE TO OPERATE
67 CALL SAMD (ne 1ER)Y : - T e
72 RO &5 L= 1. 390

A TH]

(page 6 of 10)
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!

3141940443y LON

1
|

SETTING THE INDFPENPENTLY CONTRCLED AMPLIFIERS TN OPERATE USING
COMTRQL LINFS '
I { 180 - L} 6%y 61y 63
CALL 35CL (nsIER)
CALL RSCL (1 IFP)
TFAST(S)=1NDUT (L)
IFAST (A = INUT (L)
CALL LanA (&, G, IFASTs IER)
rALL TLRA
CARNS FO® NELAY
'?rr’u+5g+%o+5n+5u
D:?“
bz?e
PP
r?-'—-'?o
CONTINUF
© SET AMALOG WMONE TO HOLO : . [N S
CALL RSCL (0. IF9) i NOT REPRODUCIBLE |
CALL SAMD (5, IER) | o e
READ THE TWO PERFORVANCE INDEXES S -
CALL CREC (2,7, i0F.1FR)
718E1 1S BASF POINT + DELTAs 721SE2 1S BASC POINT =~ DELTA
7ISEL(My, ¥)i= IPF(31/53
7ISE2{My ¥y= IPF(}/3
COMTIMYF
THE WENYT SET OF CARDS ARF PRINT OPTIONS USING DATA SWITHCES
DATA SWITCH 5 FOR NO PRINT OUT (NO PRINT QUT IN THE UP POSITION)
CALL DATSW (5 IFAS)
IF (?=15AS) 933, 8372, 105
CONTIMUF
DATA SWITCH 3 FOR CONSOL PRINT QUT [ UP FOR PRINT OUT )
CALL DATSW {2,L1IPR)
IF (2=LTMB%) 5158, 518, 510 :
VTAU=TAUR (")
VCEZEa (%) /3276 47

(page 7 of 10)
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R20

g

a3

‘ag

en

a5

WRITE (1, 520) 7L00 » VTAU. VK

FOPMAT (Fhads 5Xs 'Taly FRals 5Xb
DATA SWITHC 4 FOR MAIN PRINT QUT (

CALL DATSW (4s NOPR)

IF (2=NOPR) 505, 505, 105

COMTINUE '

Pt

WHEN UP IT

WRITE OQUT ALL OF THE PERTINEMT DATA ON THE MA

WRITE (2, 94) ZPRO
FOPIAT (1Xs 'PROGRAM NUMBER's Fh,
HRITE (3. 74y ZLOO.

17y

FORMAT {1Xs 'LOOP MUMBFR''s F&el/)

VTAU=TALI (M)

VE{=7Y3 (M) /32767
WRITF(a. 800 VTAU, vK

4 FRe&t)

COES NOT™PPIMT

I PRINMTER

CFORMATTOX » 'TAUCARJUSTED Y= s FRa 4y 5 Xy TKIADJUSTEDI = 4 FBa4/ /)

77¥1=7% 1AM /327647
ZLKP=IV 2 (M) /32767
WRITE (%, 83)TAULIM), TAUZ(M)y 22

Kis™ 772

EORMAT (1O¥,'T*DT“'5F%a4910K9'T “DT=" 3FBubs 10X 'KADK=13F8 oty

1 T0X s ' K=Vt 8,4 )
T1=21SE1(Ms 1)/327667
TPeZI8F2 (s 1) /327647
TR=718F 1My 2) /227647
TL=Z 1882 My 2)/3276.7
WRITE (7, 8%) Tl, T?

FOOPMAT (10X, 'INT. S0 FRROR (K+DK7T}='9F8a5-lOX-"Nlo SOa

1 (4=-DsTla!,FR,5)
MRITE (3+ 90) T3s T4

FORMATUIICX s UINTe SO EPROQ (K9T+D*}"'=F9ub’10Xs'INT- SQa LhROR

(¥, T=NTi=nlyFa,5//1"

WRITE (R 98} As R Co D

FORMAT ('Jnf'A"iarauﬁﬁla(st. L]
1 7))

FA=AMOD (MY /327687

ZC=CVODIN) /32757

{pége 8 of 10)

n4$10K9'C
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y
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WRITF(3,100) 7As NMOD{¥)s 7C» DVOD (M) N : oo
100 FOPMAT (10X s 'A{ADJUSTED) =1 3F 802 10X s 'B(ADJUSTED} =1 yF3 ety 10X s
1 CCOADJUSTRD) = sF 74k 10Xy 'DIADIUSTED ) =1 9F 7wt/ ///)
. ANJUSTING THE PARAMETERS : -
105 7R NA1) =ZC R (MY ALZISFD (Ms 1) =Z ISE LM 1) ) HANOD M) /CHOD (M)
71 (V41 ) 227 (V4] 1 RCHOD(N4]T)
7€ (M4} 7K (M) ) =CHOD Mok 1)
TAUA (Me1)=TAUB (V) %3276. T+ ((Z1SEZIMp2)=ZTSE1(M,2)) % (BMOD (M) /
1 (DYOD (M) %50, )))
TAUR (M+1)= TAUR(M+1}/3276.7
TAUL (VAT ) 2 TAUS (¥ 41 ) +DWON (M+1 )
TAUZ (VR ) =TAUZ (M+1)=DMOD {M+ 1)
INCREASING COMSTANT RY ONE ( FOR LABLING PROGRAM NUMRER )
ZLO0=21N0+1.0 '

110 COMTINYF

117 WRITE {1, 9273) ’

931 FORMAT (1 PROGRAM COMMENTS (SEE PREVIOUS INSTRUCTIONS)'///)
SEAP (my 974) JUNKZ

9aa EOPMAT {70Xs A1) - e
VRITE (1, 93%) - '

575 EORNAT “(///7) L NOT REPRODUCIBLE

NOW CHOOSF IF PROGRAM IS5 TC BE RUN AGAINT | ’
DATA SWITCH FOR INPUT-CUTPUT DECK CRTION ( WP FOR DECK PUNCHING !
CALL DATSW { 6, T2UP }
IF ( 2=1DMIP } 913» 913, 911 . -

g CARDS SO THAT THE CARD 'PUNCH wWILL NOT PUNCH MOLES IN EXECUTE CARD
g1l READ (2,231} JJJ

9R1 FORMAT (11} ‘ - v
REAL (249R2) KXK

GRZ FOPMAT (I1)

. WRITE { 7. 212 ) ( INPUT(I)s IOQUT(I}s 1 = 1, 300)

c1? FORMAT { 1OX-118%, LOXs 119 )

913 - COMTINLIE

CONGOL INSTRUSTION -ON-WHETHER OR NOT TO CONTINUE
WRITE (1 115)
114 FOPVAT (1NO YOU WISH TO RUN THE PROGRAM AGAING IF YES TYPE IN
1 1y IF NO TYPE IN 2') _ ’ T

A

378100004434 1ON

]
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| 31919008434 LoN |

[ I—

C TREAD CARD FOR PREVIOUS CONSOL INSTRUCTION
READ (5 1720) NUMR

120 FORMAT (11) SRR
IF {i-NUMB) 125, 626y 926

926 WRITE (1l G27)

027 FORMAT [//'D0 YOU WISH TO RE-RUNTHE PROGRAM USING THE SAVE DAT ™™

1A IF Y&5 TYPE 1 IN FHF FIRST SPACE,s IF NO TYPE IN A 2.1
READ (A 9P0) NYES .
970 FORMAT (11) i oo T
I8 [1=-NYES) D35 600 A00
C RELSEFTTINMG VALUES ON DACS FOR RE=~RUNNING OF PROGRAM
HAD IvaLU(1 ) =0 ) I T e
IVALUI? )Y =N
IVALU(R) =0
CTVALU AT =0
CALL LPNDA (Nns 3y IVALYU. IFR)
CALL TLDA
IFAST(S =20
IFAST{A)an
CALL LnDA (485, IFASTs 1ER)
CALL TLDA :
¢ CHAMGTING CONSTANTS
ZLO0=1,0
FRRG=70R04+1 40 : ; - o Tt
C CONSOL INSTRUCTION
WRITE (1, 873)
8713 FORENMAT {(/VPROGRAM 15 BEING RE-RUN USING SAME SAMPLING DATA'/) - -~
GO TO s
538 WRITFE (1s 949}
ST FQRMAT (/77717 . : . SIS - : - -
GO TO 1
1725 CALL FXIT )
A . . . - e e
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DAC 4

~10. 8.T.

10

X/

1 31

(Y
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DAM O 20 p
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36 pau 1) 10

TO AMP
99

AN

Fig. B3 Adjustable Crossover Model Number One.
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DAC 4

10

-10. S.T.

\/

1 61

IRy

TO AMP
6%

" Fig. BY

Adjustable Crossover Model Number Two.
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+10. S8.T, -10., S.T.

ADC 2

DAC 5 {—]
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86

ADC 3
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65

Fig. B5 Performance Index Network.
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AMPLITIER ASSIGHMCNT SHEET DATE 6-~8-70
NAME . Kemming, G. Jackson . ____
PROSLEN Modified Stochastic Approximation Method
Amy, | Static ! Nompal | Peak
Variable # Checl¢ Ic Voltage Comments
Bo(t) 5 5.0
- -5, .
eo(t? . " 0 Figure B 12
7 10.0
0 -2.0
2 -6.0
Out. Modl | 35 5.0 ;
~Out. Mod2 | o4 ~5.0
1 10.0 Figure B 13
31 | -8.0
34 2.66
30 -2.0
36 -5.0
Out.Moaz | 65 5.0
~Qut.Magd?2 | 39 -5.0 -
6 10.0 Figure B 14
61 _8 * 0
64 2.66
1514) -2.0
66 ~-5.0
99 -5.0
10el(t) 9l 5.0
Jnl or Jn3 a0 5.0 Figur,e B 15
10e 5 {(t) 69 -5.0
. 96 5.0
Jn2ngnl+ 395 5.0
lOel(t) 63 -2.5
.. - el - e o et e
1062 (£) 68 2.5




