hASS Ch-132294

TECHNICATL _REPORT

N73-29060

(NASA-CR-13229) NOSLINEAR AND DIGITAL
EAN-MACHINE CONTROL SYSTENS MODELING

Final Report (City Univ.. of New York.) \
.CSCL 05H Onclas

112 p HC $7.75
G3/05 - 13457

NONLINEAR AND DIGITAL
MAN-MACHINE CONTROL
Y8TEMS MODELING

A1

)

by

Ralph Mekel

L

Prepared ror

Flight Dymamics znd Control Divisien
Lancley Research Centar
National Acronzutics end Space Administration

Hampton, Virginia 253365

FINAL REPORT Na. 72-247%-01
Grant No. NGR-33-073-0:53
November 1972

S
N NON
[l by .
[T 52\ THE CITY COLLEGE or
\ 0w B 0SS0 THE CITY UNIVERSITY of NEW YORK



ACTNOWLTDGMINT

The author wishss to express nis appreciation to
Mr. Jamas J, Adams of Lanzlay Research Canter for his useful
suggsstions throughout the duratlon of this stuiZ:, Thanks
ape dus to CONY students Meesrs. Theodore Raphan ’and Gideon

Gimlan for thair help in ebtaining digital cooputer results.



1.

3

Lo

5e

6.

T

TABLE_OF CONTINTS

II‘:TRODLYCTION L] L] » L] . L L ] . L) - - * * - - L 4 + L] . » »

STATZMENT OF PRUBLEM .

HUMAN
3.1
3e2
3.3
3.4
345
3.6

*
L]
L]
-
-
-
-
-
L]
L]
-
-
L]
L
-
-

OFSRATOR MODSLING - CONTROLLABLE FORM o o o v & »
Intz‘oduction......--.-..-.....

Model-Reference Trror Zguation o .

-
-
Ld
-
Ll
L]
-

Forzulation of a Liapunov Function
tdaptive Tdantification Jontroller o o o s e 0
Vonlirear Mathematical Model o v v v v 0w v e

LinEBr I"aat'ﬂ‘amaticﬂl Model e =+ ® 8 @3 a B & 9 ¢ ¥

MODIFTED MODILING TRCHNTWS - AONTROLLABLY FCRM o o s 0

AN
S5el
5.2
53

504

545

OFTRATCR MUDILING - O33TRYABLE FORM « o o s s 0 @
Tntroduction e ¢ o o 0 s s s s e @m0 008 T O
Modal-Referange Lrror Tauatlon o 0 0 e e e e e
Formulation of a Liapunov Tunchtion o s ¢ 5 e s e

Zormulaticn of Controller znd Mathermatical Modsl
(NOﬂinaarCﬁse)aoeio.ooaol--o;oe

Linear ]’[&thematic‘dl Hodel. « o B 4 % & ® 0 ® ¢ 2 B

Lm‘spugao-pe'.-oloooo-.loonolpo

6.1
6.2
CONGL
Tel

7.2

Sxacple l.@ Tdentification of Two Faramelars . .

Sxanple 2.: i4entification of Four Parametlars. .«

SIS AND ITCOMMENDATIONS v o o o o o e o s o » 0

COI‘!ClUSiOﬂSGvocu-osootatnoecnn

Reccmmendations...-....‘.oo...aa

ii

’_J

o o o~

[s2]

10
11
13
16

22

31
35

35

48

51



L
oL
69
€9

| & w

%
]
A

113

s 0
- &
a L]
. &
L] L]
LI 4
L] -

7 edui  Z°C1
1 etdmexz  T°21
WELAZH0D TVIICI

s o v+ cEEADLE
» ¢+ g XICRESLY
» v oy XICKESAY

¢ v CEONUFRIEY

*2Z1
1t
‘0t
*6

'8



s
Q

%

Lo
n
-3
o
]
g
—
@
5
13
3

Titls Page

¥adgl - Referznce Sysien Configuration With Hiean

Cperator's Rasponse Agplied to Controllel o« o o o o v 0 70
Model - Raferance Systen Configuration with

Mathematical Modsl's Responss Appliad to Contrcller « T
Logiz Tlow Diagran - Nonlinear Medsl in
Controllablez"omu0--.-0.0-...00.00' 72

Logie Flow Diagram = Linezr Modal in Controlladbls

73

L]
L]
L]
-

-
I'O..;..|-neto¢-0|'o-o|o-cit!

Logic Flow Diagren - Mpniinsar Model in Ohsarvabls

Fom nloooan.llo!.t-lnccllo‘Oﬂ ’?!{,
Logis Flow Diagrax - tinear Model in Onsarvable
cho---q--.oaootononnouneoet 75

iv



ABSTRACT

This study sxazines the utility of an adaptive rmodaling techniqud
by which controllsTs can be synthesizad to provide corrective dymarics
4o & huzsn oparator's mathscatical modal in closad loop control systezs.
The technigue utilizes a class of Liapunov functions formulated for this
purpose, Lispuwiov's stability critsricn and a modsl-reference sysi2am
configuration, Trs Liapunov functicn is formulated to possess variabls
charactaristics to taxs inte considaration the 1gantification dynemics.
Tre tims dsrivative of ths Liapunov function generates the j2antification
and eontrol laws for the zathenatical modsl system. Thess laws parait

jzation of a controller Wwhieh uplatss the human cparater's

',_J

tha rea

wathematical zoisl paramelsrs SO trat mclel and human operatorT produce

4 very uwseful fzature of thris stuiy is the developzeni ol a
dizltal compulaT progran which is ezsily i=plamanted and nodified con-

currant with exparimentation. Tha program peraiis the meodaling precess

to intarach with the exparimantation proca3ss {n a mutually berelicial
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controllable realizatlon 2nd to an obsarvable canonical realization
of the human cparator matheratical modsl, The ssconi part presents
pxamples and exparimental evidence to substantiate the validity of the
rathematical results. In this sscond part of the report ths reference
gysten 1is represented by recls of taps containing recordad digital
input-output data of an artificial huzan opsrator wmen perforning

s given tracking task., & digitsl computer 15 used to generate the

1dantifization dynamics for the rmathematical medel.

)
Vv
W
@

cort is organized in ths following mannel. Tirst, a mathe-
matical daseription of the problen is presented, {1lustrating the for-

rulation of th2 rodel-reference systan and the error d4fferantial

w

equation, HKexti, ths formulation of a Liapunov funetion and its iircs
22 iz given. Imposing corstraints on ths Liapunov functien
arnd its time darivatlve percits on2 to obtain tha idantificaiion and
control laws which rsalize an adaptive controller, Aftar establishing

g releticnship zneong szvaral equations ire mathematical model represent-

ing the hwman operator 1s derived.
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2. STATSMENT CF PROBLEX

Bafome considaring tha derivation of ths modaling approaches,
g statement of ths basic prodlem is given. Consider tha model-refersncs
systen conligurailons dapicted in Figs. 1 & 2. The reference system
pay represant the actusl human oparator. The stimulus-response date
for the himan operator are available from exparimentation., It is as-
simad that the human opsrator whsn performing a control task may be
dssaritad by & vestor differential equation

2z = Az + Hr (1)

whers 2 danmotes tha response stals vactor, z = dz/4t and r reprasents
ths stizulus wecton, The square rmatrices 4 and H are unknown. The

is fipi 2 set of elements for matrices A and H so that the
reszonse of LQa (1Y mztchas vary closely the response of ths human

poarztor whan Both 2g. (1) and human opsrator are sublected to the same
q

is a starting point for the nodeling approaches, on2 may Choosse
g toptetive ratramatical model systsm of the same form as Bge (1)s Let
tts z—oiel recresarting the controllable rezlization be describsd by

i

%= 38x + Cr (2)

wvhare ¢ is the same stizulus state vector as for Sq. (1), x denotes
ratrieas 2 ard C are also unknown except that ons may assign a set of
initisl valuss to the elements of these matriess, Let these initisl

ratrices b2 denoted by B & Cor The initiasl valuss must be chosen to



be within the stabllity region of the tentative mathematical model system
as defined by a formulated Liapunov function. The problem is to identify
matrices B and C so that at the end of the jdentification interval
(Bg - B) —+ A and (C, - ¢)—>H, The mathematical modsl gystem 1s then
considered identified and representing the human operator.

There are several approachss one DAY take in order 1o solve this
modeling probleme This study conslders tyo approachss and points oub
the advantages and disadvantages of eitrer approach. In addition, the
study discﬁssas ths trade offs ons must consider when swltehing from one
approach 1o the other.

The next section pressnts the nodeling technique which leads to
a mathematical nodal called the controllable form. First a nonlinearl

medel is derived, than the reduction to a linear modsl gystem 18 shown.



3. HUMAN OPERATOR MODILIRG - CONTROLLABLE FORM

3.1 Introduction

Thepe are sevaral methods for realizing relationships such as
given by Tq. {2). The realization depsnds upon the rarticular cholce
of the state variables. The state variables chosen in this section are
referred to es the phass variables, a name that stems fram the coordi-
nates of the phase space. This cholce of state variatles is a natural
one for the engineer, as these variables have a reedy physical inter-
pretation, For exmmple, for the human oparatoer the output (response)
may be chosen as the first staﬁa variabls, ths rate of change with
respect to tire of the first varieble then is chosen as the second
state variable, the rate of change with respeet to time of the secoend
stete variable is further chosen s the third state varizble elec. For
an n-th ordsr system n state variables are wecesSsary and sufficient to
represent the dyramic bshavior of the svstem. Hote tret the second and
third state variables represent the velocity and sccelerstion of the
human opsrator's response.

In order to derive the identification dynarmics for the control-
1able form of the human oparator's mathematical rncdel system depicled
in Fige 1 or Fig. 2, one must first formulate the error vector differ-
ential equation for the rmodel-reference system in terms of these phase

variables.

3,2 Model-Reference Zrror Fauation

It is obvious from Fig. 1. that initially tle response of the



human operator (reference gystem) will not be the same &3 the response .
of the tentative pathematical medel, when both are subjected to the

same stimulus. This {a due to the fact that the tentative model's
paramelers are initially asswumed. As long s these paraneters satisfy
Liapunov's stability conditions, thoy quallfy es initial parameter values
for the model. The difference vetwoen the model's response and the human
operatorts (reference system) response {s the model-reference systen

error. Let thie error ve dencted by vector @ and defined as
Q:;-z, (3)

Note that a, x and z are time varying vectors. Differentiating 2q. {3

with respect to time yields

:_::_'c—_é (4)

o .

where the dot denotes the time derivative. gubstitution of Egs. {1) and
(2) into Eq. (4) vields, after soms algebraic manipﬁlations, the vector

error differential equation for the model-referencs systemn

$=Be e buzsdys (5)
where

pul = (B - 4) (6)

awt = (C - H) (7

Note that superscript T denotes the transpose. Tie form of Tq. (5} 18

derived using 8 phase variable representation of the tentative model



system. The cholce for this type of model representation was governsd .
by the desire to obtatn & econtrollable realization of the final nathe-
matical model system. Hotelalso that Eqs. (6) & (7) contain the iden~
tification dynamics for the mathamatical model'a parameters. It should
be pointed out that other realizations of the model systen are possible.
A different realization, based on & different cholce of state variables,
is presented later in this ;eport.

Hote that vectors g,ly.and_g denote the model-reference system
error and parametsr misalignment vectors. Ons may now formulate &
Liapunov funetion and its time derivative that incorporate the error
and thase misalignments. Before one proceeds with the formulation of
a Liapuncv function and its time derivative it is useful st this point )

to bBecoms familiar with the detailed forms of matrices and vecters used

in this secticn. This {nforzation is presented in Appendix A,

3,3 Formulstion of a Lispunoy Function

Tguation {5) may be viewed &as consisting of three perturbational
vectors, namely 2, 1 and w. A&n appropriate Liapunov function should be
positive definite in the error as well as in the parameter misalignments.

Therelfore, one may choose & Liapuncvy function of the form

V= _gTM + _1_1TN_ & _yTQ_\g (8)

where matrices ¥, N and Q are symetric square matrices. The elements
of these matrices may be constants, time varylng and/or functions of the

state variablas(3). “hen considering & linear mathematical modsl of the



hupan operator one may restrict matrices ¥, N and Q to consist of
constant elements only.
Differentiating 2q. (8) with respect to time and then substituting
Tq. (5) and its transpose given by
T = o787 ¢ 2T’ + rhd’ (9)

- - e

one may obtain the time derivative of the Liapunov function in the form

V= - gTDlg + 2 ilTN + %—ETN + gT(_'QTMg)]}_l v
[ .1 T T,.T
+2L3Q+%.\:Q+_!:(_@ V@)]::f (10)
where
T . »
Dy = (B M+ ¥B & M) - (11)

and the dot denotes the time derivative.

Liapunov's criterion for stability calls for V > O and V< oo
One way to ccmply with Liapunov's criterion for stability 1is to econstraln
the elements of the Dl matrix, denoted by dii and dij' to satisfy the
conditions

d,; » 0 (12)

ii

and

dy 4

j + dji =0 (13)

where 1 and ] denote row and column respectively and let

[fg RETOIN _zT(_‘.;TMg)] =0 (14)
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and
[ '\_::TQ + tyTé + _I;T(_c_lTFg):l =0 : (15)"

The conditions given by qu, (12} & (13) enable one to evaluate the
elerents of D; and M matricés(B). At this point one must perform a test
to insure the positive defi;itness of these matrices, Matrices K and Q
must also satisfy.the conditions N > 0, @ > 0 and are used as f{ree
design parameters in order éo influence the convergence tims of the
identification dynsmics. Equations (14) & {15} comstitnte the basic
equations from which the identification dynamics and the adapiive con-
troller are realized. |

It should be noted that the resulting ﬁ is negative semidefinits
because it depends only wupon the model-fefarence system error and dees
net depend on the vectors u and w. This suggests that one should expect

some oscillations in the model paremeters at ths end of the identifica-

tion interval, even if the model-reference system error g is zerc.

3,4 Adaptive Tdentificntion Controller

As mentioned before, Zgs. (14) & (15) give rise to the identifica-
tion dynamics. In order to realize the adaptive identification controller
one has to rearrange Zqs. (14) & (15). Since (;F}g) and (gTﬂg) are scalar

quantities, one may obtain frem Zgs. (14} & (15) the following relation.

ships
O Y R S R 6 | (17)



Tha transpose of Zgs. (16) & (17} yields

u = - NN - N z(d Me) (18)
* - 'T -
¥ = - % lTQ ¥-2 lTs(QTMQ) {19)

Lquations (18) & (19) represnt the adaptive jdentification controller.
Matrix M is cemputed from Bq. (11) and matrices N and Q are chosen by
the designer to offact a proper pagnitude control signal for the identi-
fication dynamics. Hote that matrices ¥, N and ¢ must be positive de-

finite since they appear in the Liapuno¥ function.

3.5 Nonlinpsarl Mathematical Model

In order to formulate the rathematical ~odal syatem on= pust find
4 relationship arong 2qss (6, (1), (16) & (17). Assuping that the
changes in the tnwman operstor are nuch slower than ihe identification
time required for the model's parameters, One may conslder matrices A and
H as being t;me«invariant dguring the identification interval. ThereioTe,

differentiating =gs. (6) & (7) with respect to tice yields

é = _éT {20)
and
= gér (21}

gince b and 4 8re constant vectorse. Sybstituting 2qSe (16) & (17) into

Egs. (20) & (21) oms obtains
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-1,
= - %bu KT - pETN Ly ve (22).

b e st - e (e e) (23)

Integration of Zgs. (22) & (23) over the identification time interval

yields
t
B= 3, - [%gf:’m"l v t_;_z_Tu"l( pT}zg):l dt (24)
C
+
= Cg - [%gféq"l . dr o 3e* }f_@] at (25)
O

£

where B, and C, ars the initially assumed matrices for the mathematical
rodel. These matrices are giver in appendix A The integrals in
Tgs. (R4) & (25) represent the nonlineal {dentification dynamics for
matrices B and G, Note that these integrals corsist of pareceter mis-
alignzenis, nodel-rzference input and response as well as the srror and
elements of the Liapunov function.

To coxplete the formulation of the mathernatical model one substi-

tutes Ses. (24) & (25) into 2q. (2). This ylelds

(26)

(‘JL
o
]
]
— 1
i
|
3
L
F)
§
—*
*
g ay
[ M|
F)
b=
—
[a%
v
-

P
[t
[« N
ot
\f"/

{4
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Equation (26) represents the human oéerator's nonlinear mathematical
model with its identification dynamics. Mote that the jdentification
dynamics depend upon the human operator's response and stimulus.

Since %gs. (24), (25), (26) and (10) are nonlinear,time varying
and interrelated, then the difficulties that arise in their computation
may bo allaviated by solving these equations iteratively using a digital
computer. The digital computer program is pasily implemented and can be
modified coneurrent with experimentation. This permits the jdentifica-
tion process to jnteract with the exparimental data in & mutually bere-
ficial way.

The mathematical model is considered identified (representing
the human opsrator) when g = O. Duz to the semidefinite v, the nmodal's
paraxetsrs nacillate about 5022 nominal values. With this modsling
technique one may consider the nominal values as being the identified
paransters for the human oparator. In terms of 2q. {1) this means that
one has identified matricss A and H. TSxperimentation nas shown that with
the proper cholce of N and Q matrices, on2 achiaves a very rapid identi-
fication of the model parameters. This modsling technique is illustratzd

via an exanmples whars all the details are shown.

3,6 Linear Mathematical Model

The equations derived in the previous sactions may be simplified
when one considers that the human opsrator may be viewsd as a linear
gystem, Ior cortain tracking tasks with appropriats conditions this may
be the case, Trersfore, 1t 1s useful and beneficial to inwvestigate the

simplifications and the resulting equations leading to a linear



mathematical model.

Let us then presuppose that the hum.anq operator (reference syatem)
as shown in Fig. 1. performs in a linear fashion. Since a linear
mathematical model of the reference system is desired, one may let
matrices M, N and Q in the tentative Liapunov funciion (Eq. &) to con~

sist of constant elements. Therefore,

M=o (27)
N=o (28)
Q=0 . (29)

In view of Egs. (27}, (28)"& (29) one obtains from Eq. (10) the

time derivative of the Liapunov function as

Ve- gTDg - 2[{1TN & ET(lDTH-g}]B + 2[_QTQ + rT{ijT}vi_e)]_y (30)

where

D= (BM & ¥B) (31)

From Eqs. (16) & (17) the simplified centroller equations are

W= - 2N ) (32)
i = - e a e (33)

Following the same procedure as in the prévious saection, matrices

B and C are identified by the equations
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t
B =3, ~ [ p?_TN-l(pTNg)dt (34)
0
ot
c = Co _/(_iETQ"l(QTFg)dt (35)
0

whers B, and G, are the initislly assumsd matrices for the mathematical
model (see Appsndix A) and the integrals represent the linsar ldentifi-
cation dynamics for matrices B and C. To formulate the linear matherati-

cal model one substitutes Eqs. (34) & (35) into 3q. (2). This gives

t
- [Bo - f gngrl(_bTNg)dt};c .

&)

3¢ »

t
+[c° - ( g;TQ"l(c_iTMz)dt}x - (36)

[o]

Zquation (36) represents a 1inear mathematical model of the human operator.
The integrals 1ln Zq. (36) ars the identification dynamices. Although,

Eq. (36) may be solved much easier than its nonlinear counterpart, many
difficulties are still alleviated when one uses a digital computer. An
exanple illustrating the identification of two parameters for a linear

mathematical model is presented in the later part of this report.
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4. MODIFIZD MODZILING TECHNIQUE - CONTROLLABLT FORM

A review of the modeling technique and Bqs. (26) & (36) show
that tha mathematical model of the human operator is a function of the
M matrix in addition of being depended upon other variables. But the M
patrix which is computed either from Eq. (11) or Zq. (31) requires ths
knowledge of the B matrix. Note that ths B matrix changss (getting
updated) during the identification interval. This in turn, suggests that
the M matrix will also change during the identification interval. In
order to take into consideration these changes, one must sel up a digital
computer subroutine which will compute at pach itaration a new set of
M and B matrices., Since the M matrix appears in the Liapunov function,
therefors one must also at each iteration interval monitor V and V¥ so that
Liapunov's criterion is not violated. This requires another subroutins.
In order to circumvent these adiitional computations, one may
consider Fig. 2. and modify the model-referencs errcr differentisl eguation.

From Zq. (3) one obtains
zZ=X-8 ] (37)

Substitution of Tge (37) into Zg. (5) yields a modified model-refersnce

error differential equation

e = A3 + blf;c + ggT_r; (38)

T
yhere bul and dw are as defined by Sgs. (6) & (7). Note tho modifica-
tions in Eq. {38) when compared with 2q. {5). Equation (38) contalns

the human operator (reference system) matrix 4 and ths mathematical
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model's response X.

Bquation (38), as bafore, consists of thres perturbational vectors,
namely e, u and W. Tharafore, one may procead with an identical develop-
ment as previously. The Liapunov function is chosen as given by Eq. (8)e
The time derivative of the Liapunov function, which ineorporates tha

error differential equation beconss

V= - .QTng - 2[,£1TN + ﬂlTN + ET(.bTM.ail_t.l +

+ 2[QTQ c 0 e zT(_dTNé):\y (£0)

whers

D, = (aTH & 2w 1) (41)

Note that the dot denotes the time derivative and suparacript T denotes

ths transpose. The nonlinear fdentification control laws obtaimed from

BEqe. (40) are

O S t(phe) (42)
ool - rehde) (43)

Tha transpose of Egs. (42) & (43) yields the controller squations

~-1T;, -17T ,. T )

R R e (44)

| [l
1

5= - 3Ty - (e (45)



18 .-

Substituting Zqgs. {42) & (43) into Zgs. (20) & (21) and integrating ths.

resulting equations over the identification interval, one obtalns

1
e 1
B = By - [i—bu‘\m + bx Ty- (bMe)]dt (46}
[l
¢
¢z Cq - f [%gféq‘l . QETQ"l(_@TPh;)]dt (47)
C

where B, and C, are the initial valus matrices., Substitution of Egs.
(46) & (47) into Bq. (2) produces the nonlinear mathamatical model of

the human operator

{ [ bu_ !J‘i * __Tliﬁl(l)T!"lg)] dt} £ &

t

o
»

“"{ Co - [‘%_@ETQQ_l + _dITQ'l(siTHE)] dt JL.I: (48)
[ 2]

Note that the identification dynamics for this n;'odifisd mathenatical model
depend upon the stimulus and the model's response as compared with the
previous model which depands upon the stimulus and ths human operator's
response.

As before, Tqse {40 - 48) may bs simplified if one desires to study
the human operator as & linear system. This is possible for certain

tracking tasks with certain conditions. It should be noted, however, that



if there ars inherent nonlircearities in the human operator that cann

ba separated, then one should use the nonlirsar mathematical model %

represent the human operator. If the nonlinsarities can b separate

then one may simplify 3gs. (40 - AB).

and Q = Q.

whare

As shown in saction 3.6, (linear case) oms may let M =0, N

»

In view of these simplifications Egs. (40 - 48) bacome

« T

Ve=- eTDag * 2[_1_1 H o+ _:_cT(_‘QTMg)]g + 2[£¢TQ . gT(gT}‘Q}]_y

Dy

-
’:b—if

Ig -

g .

1

L

(ATM + MA)

By - /beH’l(_pTi'E_g)dt

¢

¢
Co - / artg (g M)t

o

ot .
o

d

=0

(49)

(50)

(s51)

(52)

(53)

(54)

{55)

(56)



t '-
P ={Bo - fp)_:TN"l(pT}s_e_)dt} X+
C

t

+{co - f ar ¢l (g ) at }

0

(57)

I

The problem arising in this modified modeling procadure is that
matrix A is unknown initially. Therefore, ons cananot camputs patrix M
from Tg. (41) or Eg. (50) by satisfying the conditions given by Sqs. (12)
and (13), Since matrix A represents the reference system which is the
ac.tual hyman operator, then cne may assume & priori that ratrix A is
stable., This will always be ths case since the human operator 18 &s-
sured to be stable whsn performing & trackinz task. According to LaSalle

and LEfSChEEZ(18) if L repressnts & stable system, than thers (b R

a positive definite symustric M matrix for every positive dsfinite D,
matrix in Zg. (50). Therefors, in ordar to gensraie thz identification
dynzmics, one mAy choose & set of elements for Dy and M matrices as long
as Dy and M are positive definite, An alternaie 2y would be to uss the
ohosen initial values of patrix By for matrix 4 and Ehen choose a matrix
D, and solve for the elemants of the M mairixe. In this way, one obitains
a prelininary setl of constants which msy be looked upon as weighting
factors for the different controller identification loops. In elther case
this is not a systematic way of computing the elements of the M matrix,
but it is more likely & triel and error approache This is the disadvan-

tage of the rodified modeling technlque. Work is being continued in this

direction to pstablish a systematic way of computing the M matrix elements
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for this modified modeling approachs Ixperimentation has shown meanwhils
that an intelligent choice of D2 and M matrices leads to very good iden-
tification of the human operator's model parameters. Digital computer
sinulation studies have been performed using thie modified modeling &p-
proach and the results are included in this report.

A review of the presented modeling technique (controllable form)
{ndicates that the adaptive identification dynamics require ths measurs=
ment of the entire response vector as well as ths entire stimulus vector.
This is dus to the fact that 4t 19 desired to realize the mathematical
model based upon a phase variable representation of Bqs (2}, 1If all phase
variables of the reaponse and stimulus are not available from measursments
then the identificatiocn dyuamice are inadequate to update the model's
paremeters. One may gensrate the non-measurable phase variables using
differentiators, then the generatsd phase variables are sither noisy or
have discontinuitles. This produces oseillations in ths identified model
parameters and it becomes difficult to determire when the model 1s iden-
tified. Experimental results indlcate that the jdentified model parameters
oscillate around some nominal values. Therefore, in this modeling tech-
nique one may consider these ncminal values as being the jdentified parame-
ters for the human operator in the reference system.

To overcome this problem a aifferent modeling technique is considered.
This modeling technique gonerates jdentification dynamics which do not
require the measurement of the entire stirulus and response veclors. A1l
one has to measure is the actual stimulus and responsde. The improved model-

ing technique is shown in the next section.
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5, HKUMAN OPERATCR MODELING - ORSERVABLE FORM

5.1 Introductlion

As mentioned before, the desired realization of the mathomatical
nodel systen for the hman operator depends upon the cholce of the stats
variebles. Let us defins, in this section, state variables which differ ‘
from the phase variables presented in ths previous sectlons. In ordsr
to generate the new sel of state variables let ths rathemetical model be

descoribed by the following ath order differential equation

a"x/at” « dn'l{hn_lx)/dtn-l ¢ eees +d(hyx)/dt & hx S

n ,. .1 n-l Nl R
= g.d r/dt + 4 (gn_lr}/dt A 4 d(glr)/a‘t + g7 (58)

where x denotes the response and r the stimuluge, One may Te&TTANES

gs (58) so tkat the stimulus and response derivatives of the same ordar

=

are coarbined. This ylelds
n n n-1 n=1
d"xfat + d (b %~ gn_lr)/ht & eses ¥

+ d(hyx - glr)/dt ¢ b x= gl (59)

The high ordsr differential equation given by Sq. (59) is equivalent to

e system of n first order differsntial equations. Let the states e

dafined as
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n =%
x, = %y & By g% - gn1T)
Xy = iz + (hn_zx - gn_zr) (60)
Xy = Xp + (Px - 8)7)
where the dot denotes the time derivative. Rearranging the set of
equations given by 2q. (60) one obtains the state equations for the
matheratical model
kl = - h, X+ X ¥ Bno1¥
:::2 = - hn_zx + Xy ¥ BpoT
ﬁ3 = - h gx4 X ¢ 8n 3t (61)

where x and r are scalar quantities and can be measured. In matrix

notations Eqe (61) has the form
x = Hx + gr (62)

L4
where x, x and g are vectors, T js a scalar and H is a square matrix.
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The expandsd forms of these vectors and matrix B ars given in Appendix B.
is a starting point for this modeling approach, let the human

opsrator be described by

= Az & br (63)

fea e

Y

where 2, z and b are vectors, r is a scalar and A is a square matrix.
Note that Tq. {63) has the same form as Eg. (62). The problem 1z now to
jdentify & matrix A and & vector B sueh that the responss z of 3q. (63)
metchss the experimental output data of an actual Inman operator when
performing a tracking tagk and is subjected to a known stimulus, In order
to procesd with ths identification of matrix & and vector b, one rust
first formulate the error differential equation for the composite model-
reference systsm as shown in Fige 2. Then, using Liapunov's criterion,
one must obtain the identification dynarmies and a controller which will
update matrix H end vector g, 8o that at the end of the identification
interval the response x matches the exporimental response data of the
actual huzan opsrator. The mathematical model is considersd jidentified
when R —> A and g — b. The realization of Zq. (62) then represents the
reference system and is the mathematical representétion of the actual

human opsrator in the observable forme.

5,2 Model-Refarance EZrror Souation

Let the error describing ths difference betwsen the actuzl hman
opsrater!s response and the tentative model system's response when both

are subjscted to the same stimelue be defined &s

g=z~-X (624)



Differentiating Sq. (64) with respect to time ylelds

£=32-X (65)
Substituting Eqs. {62) & (63) into Eq. (65) gives
€= Az + br - Hx - gr (66)

The above error differential equation may be reaerranged in terms of
parameter misaligmments by letiing 2 = & & X. The resulting equatlion

assures ths form
e=hg+(A-Hxs (b-gr (67)
Let tho parsmeter misalignmenits be defined as

ot (68)

(A - H)

i
=

and

(& - B)

Y (69)

whars u and ¥ are column vectors and _c;T i3 a constant row vector. These
vectors are shown in detailed form in Appendix B,
Substitution of Bqse (68} and (69} into Eq. (67) yields the error

diffential squation

e = Ag + u(c'x) & wr (70)

since
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then Eqe (70) may be written as

= Ae & UX & Wr (70a)

— —

Ho RS

where x and r are scalars and denots the response and stimulus respectively.
Note that ths error differential squation contains the model's respense
without its derivatives and the model-reference systen stimulus without its
‘gerivatives. This is a very desirable result, since both of these gquane-
tities, x and r, can be measured.

Tquation {70) contains three perturtational quantities, namely &, M
and w. These quantities, as stated bafore, denote the model-reference

system error and tlhe poroneter misalignments respactively.

5.3 Formulation of & Liapunov Funetion

An appropriate Liapunov functien for Zq. (70) should be positive
definite in the model-reference system error as well es in paramefer ois-
alignzents. There fore, one may choose again a candldate Liapunov function

of the fore

v = oTHe + vl o v QY (71)

where matrices M, N and Q are symmetric positive definite matrices whose
glements may be constants, time varying and/or functions of the gtate
variables., Differentiating Bqe. (71) with respect to time and then substi-

tuting Bqe {70) and its transpose given by

T .

8T = o™l ¢ yTx e 'y (72)

one obtains the time derivative of tha Liapunov function



Vs - gTD3§ + ZgT(Nil + ¥ax & 1:1_1_1) + EET(Q_‘;' + Mer & 63) (73)

whare

Dy = (ATH + MA & M) (74)

To satisfy Liapunov's criterion Vv > O and V £ 0 one may solve
Bqe (74) in the same manner as described in the previocus modeling techbnique

and let

HM

(NQ + Mex & I'I_g) 0 (75)

1
o

(Q » Mer + Qu) = (76)

Tquations (75) and (76) comstitute the bvasic relationships from which one
realizes the adaptive controller and the jdentification dynamies., It
should be noted agair that the resuliing ‘:T may bs negative sexmidefinite
or negative definite depending on ths condition given by Egse (75) and
(76).

5., Formulation of Controllsr and Mathematical Model

{¥onlinsar Cass)

Rearranging Eqs. (75) and {76) one obtains

us= - N-]'M_e_x - l‘f‘ll:l_g (77)
v - g her - oty (78)

Zquations {77) & {78) represent the identification dynamics and the
realization of these equations produces the adaptive controller, Matrices
M, N and Q are deternined in the same manner as explsined in the previous

sections. Note that r and x are scalar quantitles here and represent tha
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measurable stimulus-response data.

In order to continue with the formulation of the mathematical model
system, one must establish a relationship among Eqs. (68), (69), (77) and
(78). As before, one may assuze that tho changes in the human operator
during his performances ars much elower than the identification time re-
quired for the model's parameters. This restriction permits one to consider
matrix A and vector b as being time-invariant during the identification
intervale Therefore, differentiating Eqs. (68) & (69) with respect to time

yields

H -ﬁgT : (79)
and

£=-¥ (80)
Substituting Bqs. (77) and (78) into Egs. (79) end {80) respectively,

one obtains

N-lM_gx_gT - N’ll.lggT (81)

=
"

= g lar « 0Ny (82)

ba
!

Integration of Egs. (1) and (82) over the 1dentification interval yields

=
"

&
Hy f(N"llv_igng « ¥ iucl)at (83)
o]

tq
n

t
£y + f (¢ her & Q7 Qy)at (84)
¢

where H and g are the initially assumed valuss for matrix H and vector g



respactively, Matrix H_ and vector g, are given in Appendix B. The
integrals in Eqs. (83) and (84) constitute the identification dynamics
and may be considored of the memory or Maarning” type.

To complete the formulation of the mathematical model one substi-
tutes Eqs. (83) and (84) into 3qs. (62). The resulting equation is then
the mathematical model which at ths end of the identificatiocn interval

represents the actual husan operator. The mathematical modal is given by

t
x= { H, 4-](1\7"1}“@:;‘ + N-l}.igc_:_T)dt};c +
A .

t
+{ £ -s-f(cz'lﬁ_e.r + Q_léy)dt} r (85)
0

Sincs ZTgs. (83), (84), (85) and (74) are nonlinear, tims varying and
intarrelated, then one must utilize a digital computer and solve these
equations iteratively,

The mathematical model may be considerad to represent the actual
mraan operator whsn e = O. Digital computsr simulation has shown that
witn proper choice of N,Q and M matrices ono obtains a rapid identifica-
tion of parameters for the mathematical model, This is illustrated via
an exampls later in the report.

It is desirable for the identification dynaniics to possess msnory
(“learning“) capabilities so that the mathematical model's initial parame-
tar values are permanantly updated io eventually eliminate the need of the

error information being supplied by the model-refersnce system configuration.
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The interval of time required for the modal to update or Mlearn” a set of
paraneter valuss which produce s model responss that 1s equivalent to ths
response of the mman operator being modeled could be roferred to &s 8
#)earning" period. This mearning period will vary for different systems
and will depend upon the characteristics of the stimulus signal.‘

Ons pessible means for determining when a set of model paramelers
have besn identified is by examination of the model parameter waveforzs
throughout the nlgarning" interval. During the initial segment of &
tlearning® intserval, the Mearned” parameter wvaveforas usuvally fluctuate
over a wiis rangs of values as the modsl tries 4o confora to ths reference
system. In ihs later portion of the mearning® interval, ths fluctuwations
die down esnd the modal paramsters tend toward their desired levels. Thers-
fors, once the fluctuations have ceasad, 1% ean be assumed tiat a set of
model paracaier valuss have Dean established. If a chengs ocours in ths
mman oparator's tracking t=sk, the modal parsmeler vaveforms will agzin
bagin o fluctuate and a navw tlearningt period 1is jpitiated, until the
fluctvations caase and the modal establishes anotheT get of parameter valu=s.
This adaptive proparty is inherent in the integrale given by Bg. (83) and
(84) and thsrefors, on® may consider these integrals &as baing of the menory
or "learning" typa. Note that the mathezatical model of the human oparator
contains these integrals. Fencs, the model has also this adaptive "learning”
propariye

The identification of vector 2 in 2q. (85) may be simplified by

utilizing ths measured mman oparator's respousss Considar Zg. (63) again

7z = Az + Dr
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At t = 0, let z{0) = O and r = 1. From Eqe (63) one ootains

2(0) = D (26)
or
2at)/pt =D (87
Since one desires at tha end of the identificatien interval that vector 2

approach ysctor b, then on2 may set in the computations
z{pt)/ ot =8 (88)

Nota that vector g may ba datermined by utilizing the inttial gconditicns
of the model-referease gystem. Tguation (88) suggestis trat vactor g T8Y
be identified dquring the first iteration interval using the experimsntal‘
response data of the hunan operator. Nots also thrat this data has besn
recordad oa magnetie tape ani the resl of tape servas &s +ha human cpaTator.

In view of 29 (88) one may medify 29 (25) as

I
% :[Ho + /(N—l}‘gx_gT ¢ !é"l;‘\‘ggT)dt]; +[_g0 + z{at)/o ‘t.]r {&3)
B

Zquation (89) represenis the simplified rathematical model of tha
human operator vhen parforming & tracking taske yote that the tdentifica-
tion time has been reduced appreciably, since after the first iteration

one has to jdentify only toe H matrixe

5,5 Lineal Mathematical Modal

Under certain conditions and for specific tasks the hu=an operator

in a closed loop control operatlon way operate &8s @ linear systed. In this
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case the huzan operator may be described by a linear pathematical models
In order to forzulate a llpear model, one has 1o simpiify the equatlons
pressnted in section Sede

Sincs a linear mathematical model is desired, thsn in accordance
wvith Liapunov's stability thaory, M, R and O matrices appearing in the
Liapunov functicn may consist of constant elements. Hencs, M = o,
N = 0 and Q = 0, In view of thase sirplifications, the time derivative

of the Liapunov function beeczes
- T Ty, T( o
V_-QDI‘E&-2}}(}\_\'1#}'(@]{)&-2“\5(%6—}"@1‘) (90)
whars

D, = (ATM & Ma) (91)

Liapuncy's criterion ror stability calls for V 7 0 sand V£ Q. Cnsay
to satisfy this criterion 1s to impose the following conditions: ¥ 7 O,

N> o0, 2> 0, D> 0 endlet

(N_{_z & Max) =0 (92)
(Qw « Mer) = O (93)

From Bos. (92) and (93) one obtains the identification dynamics for the
1inear mathematical model of the human opsralore Rearranging Egs.

(92) and (93) yields

0= - ¥ IMex (94)

f

+
X
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) are the basic equations for the realization of

Equations (94) and (95
+he linear adaptive controller. Substituting Sqs. (94) and (95) into

Egs. (79) and (80) respectively, one obtains
(96)

H N‘lb‘v._g ng

I

= Q"]'Mgr (97)

irq -
|

Integrating Eas. (96) and (97) over the jdentification interval glves

t
H = H, e,/(H-lnggT)dt {98)
<

t
g = _g; +](Q’1b’=§r)dt (99)
bl

where H, and g, 87 the initisl values for matrix B and vector g respec-

Finally, substituting Zas. (98) and (99) into Zg. (62) ylslds

¢ t
x ={' Hy + f(N’lb{gng)dthc + \:_go +/(Q’ll*_ﬁe_r}dt}r (100)
0 o

tivelys

resents the linear mathematical nodel of the human

Tquation (100) rep
tor g may be simplified by utilizing

oparator. T jdentification of wec

the linear mathematical model has the form

Eq. (88). Hence,

t
x= {Ho + f (N“lFﬁxsT)dt]z +[go + 2{A t)/&{‘ T (101)

o}
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The realization of this mathematical model 1is illustraiad in exanple 2,
which 1llustrates tha identification of four araneters.

In order to illustrate both identification techniques two ngriifi-
cial" ewzmples are considered. The reason for presenting these nartificial™
. examples is to show ths usefulness of the identification mathods and the
: inforcation one must know & p:iori about the reference system so that the
| resulting model is & trus representation of th: human opzTrator whsn per-
forming & particuler task, B} an "artificial" exzmpls is meant that ths
reference cystem doss not represent a true human oparator performing a
prescribed task, but instead the reference system represents & dymamic
giffersntizl equation with knoun cosfficiente. This differential equation
is then subjscted to a known stimulus and. the ganerated response with the
stimulus are roccrdad on taps. Only the stizulus and Tesponse dsta are
utildized in the identification procsss.

The purposes of {11lustrating the identification techniques via these
gxszples is twofold. First, it glves the designer a means of verifying
ths validity of ths controller or control laws. Second, one has a chack
on ths identified mathematical model parameters. In addition, one obtains
an insight &nd experiencs in choosing the M, N and Q matrices in order to
shorten or lenghten the sdentification tima, Onca this knowledge is galned,
one may undsriske the modeling of the actual human operator data provided
it is recordsd on tha taps in the required form.

The first example illustrates the jgentification of two parameters
for a second order mathenatical model expressed In the controllable forms
Ths second exanple shows the identification of four parameters for a second

ordsr rethamatical model expressed in the observable form.
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6. EXAMPLES

6,1 Exzmple 1. Tdentification of Two Parameters

Consider Figs 1. This exaxple §1lustrates the jdentification of
two paraneters for a second crdeT mathematical model. The desired re-
alization of the mathematical model is a state determined controllable
form. Tharefore, the choice of the state variables is in accordancs
with the desired realizations

Let the respons2 of the r=ference system, denoted by Z, bs geners

ated by the differential egquation

Y s 222 & 121z = 102 & 187r (=)

yhsre r = — yand 2 = ¥ as shown in Fige 1. Tre inltial stimulus is
applied 1o the last stzga of the plent. The information recordsd o1
magnetic tape consists of the jnitial stimulus, the reference systex's
response and plant's rasponsSza vote that the plant's responss 1is fedback
to the input of the refersnce systeie 1f one were 1o replace the referenca
system with an actual human opsrator qhose task would b2 to control the
plant, then the fedback plant's responss vould indicate to the human opeTra-
tor how to move the stick or similar outpub device in order to forca vhe
plant to conforz to 8 dasired performanca.

A tentative rathematical model is chesan for the reference gysien.

The model has the form
X+ bz;c # byx = 102r & 187r (=2)

The problem at hand is to identify b, and by At this point one assumes

that b, and b, ars completely unknown, except that one may assign initial



values to b2 and bl' The restriction on the initial values 1is that they
must lie within the stability region of the tentative mathematical model
as determined by a Liapunov function generated for this model systen.
The next step in the modeling process is to realize a controller
or control laws which update the initially chosen values of b2 and bl 50
that the final mathematical model represents the reference system. In
order to acecmplish this task, one pakes use of the derived equations.
Using a phase variable representation of Bq. (E2), the B-matrix has the

form

0 1 -
5 = (E3)

-y - by

Therefors, in view of Zg. (20)

B= = .l-ﬁ,-éﬂ:!_ﬁf (E4)

whaTe
0
b= (E5)
1l
and
R ~by
u=| = . (E6)
U, -b2

Note thzt the dot denctes the time derivetive and supsrscript T denotes

the transpose.

Since a linsar model system is considered, then using Egs. (32) and
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(36) yields, afteT some alzebraic zanipulaticns, the following identifica-

tion dynazmics

r
i

/ v, 2. {m . =
1 {1/nyq1- 2 (..llze v mz?_e) =N

(3K

{08
L]

= (1/:22‘1 cz o (my e mzzé) (£8)

Integration of Zas. (27) and (3€) gives

of
b = Mo a-/ (l/nll) .2 (ml?_e + mzzé)dt {(=9)
)
+
‘l::'2 = b20 & [o (l/n22} « 2 (nlze + mzza)dt (210)

yhere b, 200 0 ars the jnitialiy assimed valwes for b, ani b, respel-
10 20 1 2 :
L] L3 o - ' L L3
tively., Tre variables 2, %, 8 anG e are ~easured guantitias. tote that
zand're,c*"‘on‘)tetat.'-llezﬁen_n: s n.. and tt,, 8

Z 3 receraea - ce 12°* Enor il n 22 Ie
obtained from the Liapunc? runcticon., The glemants By5 and By, 81¢ computed
frem Sg. (31) or Za. {50}, Tlerents ™y ahd n,, are free design paramalers
and must satisfy tha conditiens n117 9, n22? 0. Using Bg2. (31) and (=3)

with a giagonal Dmatrix of the form

o -4

22

apd a symmetric v_satrix of the fore



i} n
, 11 12 -
¥ o= (E12)
My P2
ore obtains
tl.? = d11/2b1 (313)
LI (dyp + dllfbl)/(l/sz) (r14)
and
m. = (b2a.. & b2 s bod . 3/(2bb,) (£15)
211 2811 + bydny + Bty 1%2

dithout less of insight inte ths rodeling procedurs one mAY let dll =1

end dys = 14 Toustions (E13 to 315) reduce to

“

mop = (1 + 1/0y3/(1/20)) (£17)
and
e = (b2 & B2 ¢ 5,)/(25,0,) (18)
13 ¢ M2 1771 1727 =
Yote that if ore uses Zg. (21) tre elecents &=y, ml?'and My BTE dependant

upon the bi's. Tharafora, during the igentification process, ons must
compute rew sets of mij's at each iteration step. Since the mij‘s appear
4n the Liapunov function, then one rust also compute V and V at each
jteratior step using 3gs. (&) and (39) and check if Liapunov's critericn

»

{ied 2t

1y

ti aen lteration.

fm
o0
41

is &
Sybstitution of Sos. (29) and (310) intc Eg. (z2) yields the mathe-

matical rodel for the tape recorded data. The model is described by
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t

X 4-[‘020 +/(l/n22)az-(mlze + mzze)dt]x s

[H]
t
*[blo e j((l/nll)-z-(mlze + mzzé}dglx = 102r + 187r (219}
C

where the m4's &Te given by Eqse (16 - £18) ard tre ngy's are from the
disgoral N-metrix used in the ferculation of the Liapunov function.

45 mentioned before, one may also use £q. (50) to find & set of
mij‘s nseded for ths controller identificztion dyrazics. tquation {50)
contains the reference gysten gatrix A which is unXnowl. %o information
12 recorded on the taps. In this case, the generaticn of the mij's beemes
a trizl and error approach. The m;j‘s are tren chesen according to the

(18)

treorem given by LiSalle and Lefschatz , This theorenm states trat if A

-

¥

Tepresenis a stable system, then there exists a positive definite syzmatric
Mopatrix for every negative definite symretric 92 ratriz. (3ee 3qe (50)).
Using Sqs. (53), (26) and(4-17) ors chbtains after sonme algebrale

panipulations the identificaticn gynazics given by

(53)+ (nyp% = nlzi) (220)

e
n

1l

(5B): (p1% = My %) (221)

where
(sB) = (my 0 + m 20/ (nyyhys = "%2)

Integration of Zas. (£20) and (E21) gives

t
b, = Bg .,f (s8)- (% - n, k)t (322)
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t
o

where Bbyn and b,y &rs the initial values of by and b2 respactively. Note
that & norn=disgonal W-matrix vas psed in the sbove equations. The mij‘s
and n.'s are chtaine3 frem the Liapunov function.

Substitution of Tgs. (B22) and (323) into Sq. (Z2) yields the

mathematical model for the tape recorded data. The zodel ja descrited by

ft
$7 - > - - 1871 o )]
+[olc + J (52)- {ny% nlzxid{]x 107r + 1E7 (524)
G
Follewinz is a dist of moericel valuss used in the digitel compuler
progran
M_pztrix elermants

myy = 100 29 = 27 Bon = 27
N_omatrix sle-enis
nyy = 1 nyp = o9 Ny = 1

942 = t22

Ini*is] Perameters of Yodel

———

bog = 50 by = 52

Iteration interval

At = 0,000 sec.

Trhe digital cemputer results are stown in saction 1z.



6.2 Zxample 2. Tdentification of Four Parame tors

Consider Fig. 2. This example illustrates the identification of
four parareters for a second order mathematical model. The desired re-
alization of the model is a state determined observable forme Therefore,
one chocses the states for the model in accordance with the desired
realization.

Lat the response of the reference system, denoted by z, D@ generated

by & differentisl equation
22/at? & 22az/dt & 121z = 102dr/dt « 187r (z25)

where r = ~ y and 2 = dzy/dt2 as shown in Fige 2. The inltial stirulus
is applied to the plant and the plant's response 15 fedback to the input
of tre refersnce system. Fig., 2. may be eccnsiderad as & representation of
a tracxing task, in Wwhiech e huzan operator chserves cn a visual display
tre olent's respense ¥ and adjusts a ranipulator, joystick, kandsheel or
siprilar output davice in such manner that the plant's response conforms to
a dasired parformances. The information recorded on magnetic tape consist
of the initial stimulus, the reference systexz's output and the plant's
rgsporse. Note that the reference systents output, dsnoted by %, represents
the adiustment which the human opsrator imparis on the plant oy ranipulating
the stick.

In order to describe the recordad data via a catheratical relation-
ship, one may choose first a tentatlve =athematical model. Let the tentative

matheratical model for the recorded data de

L7

aPx/dt? o hydx/at « B % = 7,4r/dt + g7 (226)
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where hl’ ho’ gy and g, are to be identified frcm the recorded tape date.
Note that the problem at hand is the jdentification of four paraceters

besed on experimental recorded data. Rearranging Tq. (E26) ylelds
dzx/dt2 + d{hx - g,r)/dt ¢« h x = g.T (E27)
hl 1 0 o

Defining the state variables as

Xy =X
. (228)
x, = Xy ¢ (1% - Ey7)
the state equztions for the tentative matheratical model are
c ) .
nEohFHEXRH
. (229)
%y = = Bo¥ ¢ BT
The Heo2irix resulting from this choicz of state variables is
. 1 -
E = (230)
- kg 0
and the g-vectcr is given by
&
£ = {231)
€

Note trat hy, by B and g, are unknown quantities. One may assize initial
values for By, Nos By end g, with the restriction that the assumed initial

values 1lis within the stability reglon of the tentative matheratical model.
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This stability region may be determined by a Liapunov functlon formulated
for the model system.

The next step in the modeling process is to find the control laws
which update the initially chosen valuss of hl’ ho’ g and g,, and parmit
the realization of the adaptive identification controller.

Using the equations derived in section 5. one obtains

-h O Y
. 1 1 . 7
H = ‘ = | o a}=-1 (232)
- ho ¢ - U,
where
-1 - N
, 1 1
-us=s = ) (233)
- Yy - ho
and
0
g = (£34)
1

Note that the dot denotes the time darivative and superscript T denotes
the transpose.,

Sinee a linear mathematieal model is baing considered, then using
Zgs. (96) and (97) one obtains, after scme algebraic manipulations, the

identification dymamies for the model parameters.

};l = (x'/nll) ' (mlle 4 mlzé) (335)
hy = (x/ny,) " (myge ® mzzé) (£36)
él = (r/hll)- (mlle + mlzé) (237)



4h
éo = (r/qzz)- (mlze + m22é) (£38)

Note that matrices N and Q are assumed to be diagonal for simplicity.

Integration of Zgs. (%35 - £38) yields the nodel paraceters

t
c
t
hy = Ngo +‘[ (x/ngp) - (my 2 + mzzé)dt (240}
0
t
g = 29 &,f (r/ay,) - (mqqe * mlzé)dt (241)
o
t
g = Eoo +‘/ {r/qzz) -(mlEe + mzzé?dt (=42}
o

whers h h s Eip and are the initial assigmed valuss for the model's
e

19 oo 500

paramstars. Tra yariables r, X, @ and & are measured quantities and re-

present the input, model's cutput, modal-refersnce error and its time

derivative respeciively Tlenmants m n and
pecuivalys m)ys Byps Pap ¢ Panv Paer G11 7T %22

aro obtained frem the Liapunov functiona. STlements 2y and gy &re free

i
design paramelers and pust satisfy the condition nyy 7 0 and gyy 7 0.
Thase elenents arise from the M and Q ratrices which are chosen for this
axazpls to be diagonal matrices. The mij's are chosen in accordance with

the previous stated theorem(18}.

Substitution of Tas. (239 - £42) into Za. (S20) yields the
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pmathematlecal nodal

¢
X+ [ by ¢ /(x,/nu)- (mne + mlzé)dt.];c +
= ey

t
Y. ayak
+ \: hoo +f (x/nzz_. (mlze * mzze\d-.]x

¢

t
'-'l; 814 +[ (r/qll)'(mlle * mlzé)d%r +
Lo
;{ Zs0 &/ (r,/qzz)r(mlze + mzzé}dt]r (243)
- o

Tquation (243) may e simpiified if one 2851m3s that the referencs
system and the mathematical nodel ars 2t rost at t = 0. Lev T = 1,

xl(O) = 0 and xz(o} - 0 at t = C. Then 3qo. (£29) gives

% = 8 (244)

%, = 2, (245)
or

x(a t)/at =g (345)

xz(aﬂ /nt = g, (247}

Sinca one desires D) = ) and b, = & at the end of the {dantification
{nterval, then, using the recorded tape data, the b's may be ccaputad at



the first iter=tion oy | 7 i

z,{at) /ot =b) =g (248}
2 (B8)/at = by = g (249)

» ean be datermined from the initial conditions., Thus,

=)

Notz that wvectlor
at the first itsration interval ona dstermines vector ge Thke remaining
jdentificztion time is then utilized to identify the elsments of the
W.omatrix, This simplification reduces the time for identifying the modal's
paramevars.
The simplified mathematical model has now the forn given by
t

X &[ Mg *+ / (x/nl..)'(ml‘e + mlzé)d‘t];c v

o

:[gm + zl{n t’%/at}r :-[goa - zz(é.t)/a,tlr (50

whare Z. ani Z., are de fined in the same manneT &3 X, and Koo

-
oy

3

Following is a list of mmerical valuss ussd in the digital
cgmputar progran:

M_matrix elementis

™y = 7)) oy 5 = 130 Moy = 33



H_matrix elevenis

nl1 = 0.5 le =9 n22 = 0.95

Gpp <

Tnitiz) para-atars of Model

—_—

th = 2 h. = 200 gld‘: 0 €oo = 0

teration intarval

t = 2,0001 sec.

Ths prograT and coRpuleT resuits ars shown in s2

etion 12.
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7. CONCLUSIONS AND RECUAMENDATIONS

7.1 Conclusions

Two adaptive modolinz techniguzs to identify and control a human
operator!s mathematical model has baan presented., The modeling tech-
niques offer a theoretically consistent approach for identifying a model's
parameters from experimental datia, A very useful feature of this study
is the develozment of a digitsl computer progran which is easily imple-

o

rentsd ani modiflisd concurrent with expsrimentation. In this way, the

;.-

modsling procss: intermets with ths exper mentation process in a mutually
beneficizl wvay, This is shown viz the logic flow dlagrams in Figs. 3,

L, 5 and 6, lote zlso that it is the systeratic and logical usz of the
digital computer that permits on2 to affectivaly apply the class of

Y

Lis o7 funsticns e she meoieling of & busan operater whan performing

o

a8 tracxing task.

Ons of the obisatives of both modeling tachaiques has been tha
synthesis of a coniroller or control lzws that provide the identification
dynamics for the model's paramelers. An important feature of these

treir "learning” capability. This "msmory™

w

identification dynamics 1

nmodel parapeters has bezen identifisd., All ons tas to do is to exazine
the model paramefers througheut the "learning" interval. As it can b=
observed frem the dipital cemputer printouts, during the initlal segrent
of a Mearning" interval, the model pararceters usually fluetuate over
a wide range of values, In the later portlon of the "learning” intervsl,

as the perapeters approach the correct values, the fluctuations in the
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parameters diminish and the model parameters tend toward the correct
values. Therefore, once the fluctuations have ceased, oné may assume
that a set of model parameters has been identified for the human operator
perforring a glven tracking taske

The "memory" or "learning® capability of the {identification dynanm-
ies has another important feature. It pefmits ons to establish a cor-
respondence between reference system's disorders and parazeter value
changes in ths mathematical model. This may be observed from the follow-
ing experiment. If a change occurs in the human operator's tracking
task, the model parametlers begin to fluctuate again and a new "learning"
periocd is initiated, until the fluctuations cea:;e and a new set of pa-
rameter values has been identified for the mathematical rodel which rep-
resents the human operator for a changed conditlon, This edaptive property
is one of the main adva_ntag;es of both modeling technigues.

Perusal of the modeling techniques indicate that the identification
dynamics developed for the mathematical model in the controllable form
requires the measurement of the entire response vector as well as the
stimulus vector. This is dus to the fact that the mathematical model bhas
been synthesized based upon 2 pase variable representation of Zq. (2)s
1f some of the phase variables of the stimulus and response are not mea-
surabla, then the identification laws are inadequate to update the model's
parameters. To alleviate tnis situetion, one may generzte the sdditional
required phase variables by successively differentiating the last measured
phase variable. The resulting phase variables are then noisy and may con-
tain discontinuities. This produces oscillations in the model parameters

and it beccmes difficult to determine the identified set of model parametes.
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Since @hese oscillations ére steady and oscillate about some nominal
values, then one p&aYy consider these nominal valuas as the set of iden-
tified parameters for the rathematical model. |

To overcome this disadvantage, the second modeling technique
which realizes a mathematicel model in the cbservable form has been
formulated. A review of this technique indicates that one does not
have to measure the entrie!responSe and stimulus vector in order 1o
generate the jdentification dymamies. It is gufficient to measure only
the scalar response and stimulus values a8 it is indicated by Eas. (83}
and (B4). In addition to this improvement, the tdentification dymamics
of this second modeling technique have also the "learning" capability.
Therefore, ore ray consider the identification technique leading to the
mathematical model of +he observable form as being superior to the 1den-
tification technigue which produces 8 rathematical model of the control-
lable form.

The identification dynamies have 5een derived from a class of
Liapunov functiors which possess varieble characteristics. An important
featurs aboul Liapunov's Direct Method 1s that Liapunov functions are
not unique. This aceounts for the fact that matrices M, N and Q can be
apbitrarily chosen for the identification dynamics. The condition these
patrices must satisfy is that ¥ > 0, N 7 08nd 2 7 0. Experimentai
observations havé shown fhat matrices ¥, N and Q affect the rate of model
parareter ;onvergence fo their correct values.

A review of the igentification dynamics equations show that the

elerents of M, N and Q matrices serve &5 weighting factors on the model-
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-

refersnce systen error as well as on the response and stimulus variables.
Several sets of values for the elements of M, N and Q matrices have been

considered. Two of the better sets are shown in the corputer printouts

|
]

in section 12. §
The digital computer results given in section 12 are self-

explanatorye. |

7.2 Reccmmendations

It should be emphasized that the adaptive controller is intended
mainly to aid in the identification of the mathematical model's parame-
ters, 1In general, analysis of the results obtained by using the adapiive
controller does not necessarily dictate thst the actual human operator
under study must be modeled in the proposed manner. Instead, analysis of
the results suggsst certain mcdifications which should be corsidered in
future studies. One of this considerations is a better and clearer
delineation of the experimental data. HNote that the recorded experimen-
tal data needed to formulate a mathemstical model of the contrcllable
form is different from the recorded experimental data needed to generate
a mathematical modsl of the observable form. Therefora, one of the reccm-
pendations of this study is to first decide on the desired nedel structure
and then perform the experirentation with the human operator and record
the data needed for identifying the model's parameters. Should the experi-
pental data be difficult to obtain, then one can modify easily the model
gtructure to accommodate the experiment.

The following areas of research are logical extensions of this

study:
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1, Dewvelop & desién criterion that would permit ths mathematical
model parameters to become identified in the shortest time.

2, Investigate new forms of Liapunov functions from which dif-
ferent identification dynﬁﬁica may be obtaiped.

3. Study the usafﬁiness of the presented modeling techniques to
the development of diagnostic techniques. This recommendation may be
ugseful for investigating ;b;ormalities in a huran operator's perforcance
with a particular plant. It may also be useful for investigating human

operator performance with different plants.
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9. APPENDIX 4

This appendix gives the detailed forms of matrices and vectors

used to derive the mathemafical model in.the controllable form.

0 1 0 e+ O

A=z _. (A1)

0 1 O «oe¢ 0O
0 0 1 s O
B = : {4-2)

N = . . . . (A—B)
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(A-4)

(4-6)

(4-8)
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(A=15)

(4-16)

(A-17)
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(4-19)
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l L ] L
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0 » L ]
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(A-18)
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(a-21)
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{A-23)

{A-24)

(4=25)



Ardditional Information .

2 = z{t) represents tre reference systen's scalar response
(measurabls). It is the stick output.

x = x(t) represents ibs mathematical model system's sealar response
(measurable).

e = e(t) reprasents the modal-rsferencs composite systen's secalar
eTror (maasurable} .

y = y{t) represants the plant's scalar response (measuradle)

y = u{t) and ¥ = 4(t} represent the parameter rpisalignment vectors.

r = r{t) represents ihe cealar stimulus.

Moz aM/dy

N = av/dt

Q = day/at

u = dy/dt

v = dw/dt

62
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This appendix gives the dstailed forms of ratrices and vaclors

used to dsrive the mathamatical model in the obserwvadle forms

1 0 e« o . 0O

i 9% |

- B.n__2 0 1 . * . 0
A - L L} » -

- al 0 0 » L ) » l

- Eo 0 9] N . . 0

- hﬂ—l 1 0 L] . » O

= h.n_?' 0 1 . . ‘e O
H - - . L] -
- hl 0 0 . . . 1
- ho 0] 0 . . . 0
Ppa1 gn—ﬂ
byo2 €n-2
b= . (B-2) g= .
b g1
bo £o

{(B~1)

(B-2}

(B-4)



Zl . Zl
%2 L
z = . (B-~5) z= |
n-1 2p-1
zn zn
a1 X
%2 %2
.)_'C = . (B"?) X = .
el Xn-i
X *n
&1 f1
€5 )
e = . (-9} e= |
en-l en—l
én en
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(B-6)

(B-8)

(B-10)

where X and x ara given by Zgs. (60) and (61) respectively. Veclors

z, 3, ¢ and g are obtained in ths sazms manner.
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b1'1--1 = |

bh2 = Ene2
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{B-11)

{B-12}

(3-13)
mln
Pon

| (B-14)
Tnn
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(B-19)

(B=22)

(B-21)
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dll dl2 d13 N ® . dln
d12 d22 d23 s N . d2n

DA - . . . (B-22)
dln d2n d3n . o . dnn
dll O 0 - L 2 L3 O
0 d22 O & L J L] 0

D, = . . . ; (B-23)
4] 0 0 . « N dnn

Aditional Informaticn

M e e e

2(t) represznis the referenca svstzm's sealar response (measurableE.
1t is the stick output.

x(t} represents the rmathematical model syatem's apalay respense

{measurable\.

e (t) represanls the model-raference composiis systexz's sealar

error (measurable ).
y(t) represants the plant's scalar response (measurable).
ul{t) and ¥ = 4{t) represent the parameter misall mment vectors.

r{1) represents the scalar stimulus.
aM/dt
gy /dt
42/dt
d_g/ dt

du-dt
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2.553E €0 2.1648 C1 1.2C058 (€2 1.020E 02 1.870€ C2 3.1760-01 2.501¢€~02 3.01386-C1 5.0886-02 $,361E-01 ~1.9648-02
2.663E CC 2.163E C1 1.205€ ¢2 1.C2CE g2 1.PT0E €2 3,C86E-01 ~7.71CE=-01 3.10CE-01 ~-2.065E-C1 §.357¢-01 -1.032E-02
Z.672E8 CO° 2.152E g1 1.21C¢E g2 "1.C2CE 02 ©1.870€ C7 9.0248-01 -4 ,709E-01 3.05CE-Q1 —4.501E~-01 9.2956-01 -1.,1318E-03 7
2.5£2E LO 2.1518 €1 1.21CE ¢2 1.020f 02 1.0708 C2 2.9716-Cl -1.737E-D1 2.987E-01 -7.029E-01 9.3568-01 7.8T2E-03

——— =

2.5528 CQ z.181E Cl 1.21CE C2 1.0208 02 1.0710C C2 2.056E-01 -g.7A7E-01 2.914E-01 -56.359E-01 §.360E-01 1.6688-02
a,(C1E CO 2.1518 C1 1.21€CE C2 y.0208 ¢2 1.A70CC ¢z 2.8211(-Ct -1.185%€ 00 2.8296-01 ~1.168E co 9.366E-01 2.524E-02
3.0128 €O 2.160E C1 1.2118 C2 1.C2¢E 02 1.RPTQE C2 2-T16E-01 -1-#02€ 00 +5.734E-01 -1.3E7E 60 9.-371%E-01 1.354E-02
3.c238 €0 2.15GE ¢1 1.211E €2 1.0208 02 1.870E g2 2.6125-01 ~1.4006C 00-- 2.630E-C1 -1.596E C0Q 9.386E-01 4,153E-02

(]
[a¥]
'

— 3.c2z2t CO " 2.15CE gL ~i.2116 CE T 1.C20E 1.87QE €2 2.,468E-01 ~1.704E co Z2.516E-01 -1.194€ 00 9,3$9E-01 4,92CE-02 ~
3,042 €0 2.15CE g1 1.211E €2 1.¢2CE €2 1.A70€ C2 2.37176-01 -1.788C 00 2.354E-01 ~1.7081E 0OC 9.415E-01 5.652E-02
2,052 COQ 2.151E G1 “1.2%1E €2 1.C2CE 02 1.070€ g2 2.2480-01 ~2.16CE 00 5.266E-01 =2415%5€ g0  9.433E~01 6.346E~02
3.C628 CQ 2.1%51€ €1 1-231€ C2 1.C2CE 02 1.BTOE 2 2.1128-01 -2.7220C 00 2.127E-01 =2.317€E 00  9.453e-01 7.000E-02
" 3.c7zE €O 2.161€ C1 1-21wg €2 1.C20€ 02 1.8B70L cz 1.570t-01 -2.507E CO 1.9R4E-01 -2.4%66E CQ 9.6752-01 T.6126-02
LCEEE €O 241618 c1 l.z2118 C2 1.020E €2 1.070E C2 1.2:73C6-01 —2.+0CE 00 1.8356-01 -2.621€ 00 9.459€-01 8.181€-02
_CS2E €& 2-152E £1 7 1.211E 22 T1.020F 32 T 1.870C 02 1.£715-C1 -2.720E 00 1.601E-01 -2.723E 00 G.524E-01 B8.705€E-027 -
3,108 CO 2.1628 C1 1.211E C2 1.C2CE 02 1.A70% C2 1.52140-01 -2.827C 00 1.524E6-01 -2.0308 CO 3.551£-01 9.183E-02
1.112E CO. 2.152¢ Ci 1.21CE C2 1.C2CE €2 1.p708 C2 L1e56-01 =2.919E 00 1.3063E-01 -2.924€ COC 9.5719E-01 9.614E-0C2
z,12:8 CC 2.162€ C1 1.21CE C2 1.¢2¢E Q2 1.070C G2 1-153C-01 ~2.097€ QO 1.200E-G1 -3.0083E CC 9.&6CRE-0QL 9.9546E-02
T 3.132E CO 2.1%2€ Q1 ©1.21CE €2 1.C2CE o2 l.07CE C2 1.0200-01 -3.061E QO 1.037E-01 -3.068E 00 9.639E-01 1.033E-01
3.142€ QO 2.1936 01 1.21CE €2 1.020C 02 1.270C Q27 p.ta90-02 ~3.111E 00 A.ORTE-02 -3.119€ 00 9.6T0E-01 1.061E-01
—3.152¢E co T 2.182E 017 1.21CE £z T 1.CZ20E C2 ~1.R70E €2 6.560E-02 -3.147C OC 7.022E6-0G2 —-3.155C o S.7C3E-0L - 1.C85E-01 ~
3,162 CC 2.162€8 Q1 J.21CE C2 1.0208 02 y.070E C2 G.2400-C2 ~3.,170E 00 5.361E-02 ~3.17R€ Q0 9.735E-01 1.103E-G1
3.,1728 €0 2.153E gl 1.21CE C2 1.020E 02 1.870E €2 3.,7068-07 ~3.1706 Q0 3.T11E-02 -3.186E 00 9.769E~01 1.117E-01
3.102E GO 2.153E C1 1.210E 02 1.020¢€ 02 1.n73€ C2 2.CE20-02 -3.173E 00 2.078C~02 -3.181E G0 G.2C2E-01 1.126E-01
3,151 €0 2.163¢8 ol " 1.21CE €2 1.C208 Q2 1.8708 G2 4.08116~03 —3.155%¢€ 00 “.6T6E-C3 -3.163E €O 9.F36E-01 1.129E-01
3.2C1€ €O 2.153E 01 1.21C€ €2 1.620E 02 1.870€ g7 -1.661E-02 -3.123% Q0 -1.113£-02 ~3.131E CO 9.B870E-01 1.129€6-01
T 3.211E o 2-152¢E g1 1.21C€E £z 1.C2CE 02 "1.870€ C2 w7 LF0E-02 =3.0A0E 0O -2-65BE-02 -3,087E ©O 9.906C-01 1,123E-01 7
3.221E GO 2.1828 01 1.21CE €2 1.0208 02 1.RTOE C2 et lz6l=02 =3.0248 00 -4.1626-02 ~3.031E 00 9.937TE-01 1.1136-01
3.221€ €O 2.1528 Cl 1.21Cct C2 1.C2CE 02 1.A70E C2 -5.51RL-C2 -2.956E CO -5.61%6-02 -2.7G4E 0O 9.910E-01 1.078€-01
3.241E €O 2.152C C1 1.21CE €2 1.C20E Q2 1.AT08 C2 ~&.1TRE-CZ ~2.878E 00 -7.024E-02 ~2.R05E g0 1-0CAE Q0 1.079€-91

3.7251E CO 2.1528 €1 1.210C C2 1.C20E 02 1.270E C2 -f.31HE-02 =2.707E 0O -8.370€-02 -2.7195€E 0¢C 1.0C3¢ 00 1.0506E-01
3.2¢1€E €O 2.1528 01 1.21CE €2 1.C20% 02 1.070€C C2 -5 .565E-02 -2.49CE 00 -~9.0651€-02 -2.695€ 00 1.0C7E oo 1.C29E-01
— 3,:7}E CQ 2.152€ C1 1.21CF €2 1.c2c6e 02 1.870€C C2 ~1.080E-CL -2.581E CO ~1.686E-01 -2.506E DO 1.01CE a0 9.98%E-02 7
3.2818 CG 2.1528 C1 1.21CE €2 1.02CC 62 1.A70E C2 -1.164F-01 —2.hL0E OO0 ~1.201E-01 -2.468% Q0 1.0126 00 9.647E-02
1,291E ,C0Q 2.1628 Gl 1.21CE €2 1.020C 02 1.A710F C2 ~1.3%C1E-01 -2.337C 00 -1.307£-01 -2.342E 00 1.015E 00 9,2T7T3E-02 7
3.3C1E €O 2.1528 C1 1.,21CE €2 1.020C G2 1.87T0E C2 -1.4C08-01 -2.296E CO -1.42TE-O! ~«2.2C%E 0QC 1.018€ 00 B.EHTE-D2
1,210E CO 2.1628 €1 1.21CE €2 1.02¢C 02 1.68700C €2 -1.4%18-01 -2.04TE Q0 -1.490E-G1 -2.069€ 00 1.020E €C 8.433E-02 “'}a{'
3.220E €0 2.152C C1 1.21CE C2 1.07CE 02 1-n1cf €2 ~1.5146-01 -1.977C Q0 -1.981E-01 -1.923E 00 1.02% 00 7.8T3E-02
""" 3,3300 CC 2.1%28 Q17 1.210C C2 ©1.070C 02 1.070C €2 -1.f490-01 -1.772€ 00 -1.6%0E-01 -1.772E €O 1.025E QO 7.489€-02 7

3,34CE CQ  2.1%/6 C1 Lozicr £2  1.0206 02 L.A70L €2 —1.1151-01 =1.6178 CO 1.7226-01 ~1.616E €O 1.027€ 00 6.904E-02
"eeg G0 2.1620 01 1.21CE €2 1.cr0f 02 1.t70C C2 L L733F-01 —1.4%90 00 -1.7A0E-01 T1les7E 00 1.0298 00 b-461£-02 7T
3.2500 BV St lase o1 t.2iCE €2 1.070% OX 1000 €7 —b.g7sL-01 =1.290E 00 -1.830L-0L -1.295€ 00 1.031E 00 5.921€-02
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L4998 CO
J.46e58 €O
3.405E CC
I.0858 €O

I.EZEE
1.E2¢E CO
J.eaqetE CC
3.856€ CC
J.FLLE CO
3.27¢E €O
2.2 CC
31.85¢6E CC
a.5CeE CC
3.615E CD
1.625E €0
3.525%E8 CO
2,54%8 CC
3.653€ 0O
1.545E €O

2.152E
2.163¢€
2.183¢
2.163¢
2.16%3¢
2.154¢€
2.154FT
2.150E
2.4%5¢E
2.165¢
2.165E
2.1%¢6E
2.166E
2.15¢&¢
2.156E
2.1%6F
21578
2+.157E
2.167E
2.161E
24.197E
- 18TE
Z.157E
2.1617¢
2.157¢
2.157L
2-157E
2.157¢C
241G7E
2.187E
2.151¢
2.157¢C
2,187€

2.167E

2.167F
2.151F
2-157E
2.157€
2.1¢7E
2.167E
2.187¢
2.157¢
2,16 7F
2.157¢
2.167€
2.151¢
2.157¢
2.157E
2. 157E
2.157E
2.167¢E
2.167¢
2.187¢C
2.157¢
2.1%7E
2.167E
2.187¢
Z2.151C
2.167¢
2.157E
2.157¢

1.210¢
l.21cC¢c
1.21C¢E
1.21¢¢
1.21CC
1.20CE
1.286¢E
1.2C0GF
1.2G9¢

T 1.206E

1.2CS¢E
L.2(5E
1.2C%¢
1.205E
1.208E
1.2C%E
1.2Cr¢
1.20¢CE
1.2CFE
1.2CFPE
1.2C¢¢E

" 1.24RE

1.20PE
1.2CPE
1.290t
1.2C0¢
1.2¢8¢C
l1.280L
1.2CHE
1.2(PE
1.2CFL
1.2¢008
b.2C2E
1.2CPE
1.2G0¢
1.2CPE
1.2CPE
1,2C8E
1.20°C

Ti.2C0E

l.2C0¢E
1.2C9¢
1.2CPE
1.20¢9¢€
1.2CRE

“1.2C0E

1.7CEE
1.209E
1.2C0E
1.2C0¢€
1.208L
1.2C7€
1.7CRE
1.208¢E

Cl.2Cf¢

l.2CRE
1.2C0€
1.2C4E
L.2¢0¢8
1./CEE
1.2¢0¢0¢

1.020€
1.02C¢E
1.024G¢0
l1.020r
1.02010
1.C20E
1.020¢€
1.G200
l.C020C
1.C20E
1.024¢€
1.C2CKL
1.C201L
1.C20C
1.C2CC
1.4029¢
1.C200
1.C2C¢E
1.C2CE
1.02CE
1.C20¢k
1.C2C¢C
1.020¢

1 020K

1.020¢
1.C20¢E
1.C200
t.Cz208
1.C73E
1.C4CE
ec 2L
1.C20E
1.G20C
1.62010
1.020¢
1.020¢6
1.Cr2CE
L.ClCE
1.02GL

" 1.C20C

1.C20¢
l.c2CC
1.C2¢C¢
1.020C
1.C2CE
1.C2CC
1.020¢
1.020€
1.C20E
1.C2CE
1.C2GE
1.€20C
1.G2C¢
l.C22tk
1.020E
1.C2CE
1.020%
l.Ca2Gt
1.02CT
1.C2CE
1.C20L

1.8700
1.870E
1.07080
1.8¢0C
1.P 108
1.270E
1810k
1.AT0E
1."70E
1.870€
1.070¢
1.0708
1.P70C
1.0 TNE
1.8708
1.070C
L.DFOE
1.R70C
1.87CE
V. ATOE
1.RICE
1.870C
1.870C
1.8T70F
l1.0708
1.0870¢0
18708
1.870CE
1L.P701
1.0710¢
1.8 f0¢
1.81006
1o
1.879C1L
1.870¢1
1.870F
1.870E
L-RTOE
1-PF7QE
1.870F
1.270C
1.779F
1.970¢
1.07CE
1.RTOE

Sl.e7ct

1.870€C
1.1970E
1.870€E
1.°010%
1.870F
1.87QE
1.070%
1.8710C
1.,8700
1.87CE
1.°07CE
1.01a0
1.87CC
1.875¢€E
1.RT0E

c2
c2
c2
0z
c2
cz
c2
c2
2
cz?
c?
ez
cz
cz
ez
€2
c2
2
c2
0z
c2
€e
c2
c2
cz
c2
Gl
c2
ce
c2
ez
c?
ce
ce
c?
G2
cz
cr
cR
c.
€2

=L bEAE-0L
=1.P506E-G1
~1.%eQ0~01
=1.G3n0-C1
~1.5476-C1
=1.5410-G1
-1.6232¢8-01
-1.GU10E-0OL
~1.860E-0)
-1.0%86-01
-1.80198-01
-1.773E-01
-1.7216=-01
1 663001
-1,569E-01
-1.9529E~-01
~1.485E-C1
=1,2716E-C1
~1.262E-01
-1.2C05C-01
~1.115E-C1
~1.€22cE-01
~Q.2€60iE-02
-~ 2ETCE~D2
~7.2050~02
- 2G3E-02
-5.2L3E-C2
-4 .21 0-C2
-3.2LQ0=02
—Z.25HE-Q/
[ I A A
=L Cor-07
HaRL&E-NT
L& 33002
205 TE-0Q2
L4581 E-02
4.310%-C2
b k2302
GaGlhe-08
L.ECH1E-02
To2480~02
TL.56010--02
B.5GO0-02
GaltiL-02
SLESaE-C2
1.Cl11E-01
1.0516E-01
1.Ct6L~01
1.119E~-C1L
1-1642E~G1L
1-1£96-01
el 13E-41
1.0E20-01
l.beuie-Cl1
1.1€640-01L
1.118E-C1
1.1¢78~01
IR S A |
11228801
1107501
1.0t9€-C1

-1.134F 0O
~G.69CE=-01
-8.0326-01
T =01
=4.719t-01
=2 Ten-C)
“la.m510-01
o EAL-02
1.7076-01
1.7200-01
4.711E-01
6. 1A%E=-01
T.7¢6E-01
Ff-“’!”E“UI
1.7l 00
1.Y 10 QO
F.742E Q0
{.74000 DO
1.7445E Q0
1.7348 00
1.~15% QC
1.2880 CO
1.7536 00
1.009% 00
1.7u6lk €0
1.P95C 04
1.925E 00
1.947E 00
1.54CE OC
1.06%0 00
L.OR1E O3
15400 GO
1.932¢ €Q
1.0 Q0
1.w080 CQ
10268 CO
1.7708 00
1.123E Q0
1.0610
1.99400
i.922€ 00
l.445E
1.3673C 00
.21k
1.18RE
1.099E
1.000E
9.M32E-01
£.CA2E-01
T.M30E=-01
LH.NZ2EE=01
5.01CE-C1
3.973F 010
2.5010-01
LL.5770-01
G.89%F~02
G.ABZ2E-(4
= AL IT=02
—-1l.t708E-0]
-2LTRE-0
=3,6570=-01

~1.RTQL-C1
-1.9020-C1
-1.926C~-01
-1.alf-01
—) N RE~Q]
—~1.9%¢F=01
«-1.937L-01
~1.919C~-01
~1 . HI4E=-D1
“1.0618-01
~l.0276-01
~1.775E-01
-1.77235-01
“l.660E-C1
-1.57%50-01
-1.5249E=-01
~LefuaE=-G1l
-1.37%C-01
~1.797€6-01
~1.200E-01
=-1.114€-C1
-1.07200-01
-Q.247E~-02
~8,27T0E-02
~-T.271E=-Q2
~5.2730-02
-5, 263F~02
-4 .25916-02
=3,239L-02
~2.236t=02
-l1.2610~C2
-2.0030=-0)
T.043E-03
1.6510-02
2.01E-02
3.4150-02
f.334E-02
5.1570-02
5.7390L-02
HL.OTOE=C2
T.373E-02
T.0228~02
N.G24r=02
9.176E-02
9, 60806-02
1.0138-01
1.0536-01
1.000E-0Y
1.118€6-01
l.1428-01
1.1616~01
1.174%E-01
1.184L-01
1.100E8-01
1.187E=-01
1.181E-C1
1.1706-01
l1.1540=-01
1.13%4F-G1
1.12796-901
1.091€-01

‘=1.131E 00

-9.640C-01
-T7.782(-01
—&J3LGE-OL
-4, 05 1E~0)
-3, Q11E-CL
~1.1M25C6-01
2.140E6-02
L.7RLE~-Q)
3.3¢26~01
H4.T90E-0]
£.2798-01
T.609E=-01
0.9316-a1
1.0192E 00
1.138E 00
1.2490E GO
1.35%9E Q0
1.432€ CC
1.5416 €O
1.6226 CC
L.695E Q0
1.759E QO
1.B14E 0Q
1.862E6 CC
1.900E 0O
1.9308 00
1.9%1¢ 00
1e7¢4E
1.0(8F €Q
1.764E
1.9%3E 00
1.7933E COC
1.7C%E €C
1.071E 00
1.A29E QO
1.7801 QO
L. 1256
1.6603E 0OC
1.5568
1.924E QC
1.4046E 0Q
1.364E
L.279€ QO
1.107E 00
1.0976 CQ
1.002E QG
3.042E-01
6.0928-01
7.04BE-01
6.0358-01
5.018C-01
4,.0C2e-01
2.089E=01
1.905E6«01
9.925%E£-0¢
1.6726-C3
-0.3520-02
~-1.872(=-01
=2.711E-01
~3.653E~01

[}
1.033€ QO
1.034 €0C
1.035%E QO
1.0370L 0C
1.030C GO
1.023rC CO
1.0358 G0
1.0392E 00
1.040E 00
1-040C 00
1.943E 09
1.039¢ 00
1.C39¢ 00
1.039LE 00
1.0 G0
1.037C 00
1.036E 048
1.03%: C¢
1.024f 02
1.G325 00
1.021& CC
1.029€ QQC
1.028¢ 00
1.026E Q0
1.024€ 00
1.027% 00
1.020t 00
1.Q1Bec QO
1.C14E 00
1.014E 0O
1.012¢C
1.0108
1.cCnE GO
1.006E 09
1.0C4E QO
1.0C28¢ Q0
9.999L-0tL
G.9EN[~01
GL.9E1E=-01
D.9425-01
9.925E-01
9.908E-01
7.892¢-01
G.0000-01
.6 1E-QL
. H48E~-01
9.835C-01
9.823€-01
9./12C-01
G.8C2E-01

 9.793E-01

9.785E~01
9.7¢8C=-C1
G.772e~-01
9.768e-01
9.764E~01
9. 7€1E-CY
G.7600L-01
q9,159C-21
F.T7C0E-01
9.761£~01

<
5036&E-02
4.804E-02
4.231E-02
3.69%3F-02
3.Q071E-02
2.0ANE=0D
1.907E-G2
1.33NE-02
7.58%E~03
1.960E~03
-3.55%%6-03
-8.49%1E-03
~1.419E-C2
-1.9216~02
—2.41TE=02
-2.8B86E-02
~3,334€-02
-3,.799E-02
-4.155L-02
—h,HY4HE-02
-4,882E6-02
-5.203E-02
-5,.495E~02
-%.759E=02

-%.7936-02 -

-6 LPTE-Q2
6, ITOE-Q2
-6e514E-02
-6.,020E-02
“6.1079E-02
-0.TL2E-02
~6, TRS5E-02
-6 TINC-02
~6. 1A3E-02
=L, 630802
—6L.590F-02
~6.4TVE-02
~Ha%332E=-02
~h.l86E~02
~4%.STTE-02
-5.767C~02
-5.537£-02
-%.2BRE=C2
~5.C22E-02
=-4,737€E-02

-4 ANBE-02 7T

-4.134E-02
-3.813E-02
~3.403E-02
~3.144E=02
-2.820E-02
~2.4508-02
~—2.0946E-02
-1.,741G=02
-1.385E-02
-1.C31g=-02
~-6£.T89€E-03
-3,1048C-03

L.17HE-C4&

3J.4TRE-Q3

6.T759E-03
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4.CCSE
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haC28E
Aal3ht
HhoCadl
4. CS4E
L. CELE
&4 .‘: HERS
4.0FAL
4,0G94E
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Aot l4E
4.124¢6
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4.,372¢€
L-]EZE
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