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I. INTRODUCTION

A major impediment in the study of the dynamics of a particular sub-
merged vehicle is a lack of accurate functional relationship between the
motion variables and the control inputs. In the uncoupled linear case
such relationships may consist of linear transfer functions. Although
their general form including the degrees of the denominator and numerator
polynominals is known (li , the coefficients of these transfer functions
are often unknown. They must be determined either through analytical
formulas involving hydrodynamic coefficients or through identification
algorithms performed upon experimental flight test data . The purpose
of this report is to present a new identification method ‘GRAM Identifier ’
and a computer program for its application to flight test data of sub-
merged vehicles.

The method discussed possesses the following advantages: a) it is
noniterative and therefore computationally fast, and b) it is noise—worthy[21— [41.
Only the single—input, single—output case is considered in the present
report. It will therefore be assumed that the flight test data consist of
single input maneuvers, each caused by the actuation of a single control
surface while the remaining control surfaces are held at zero deflection.
To aid the engineer, a computer program entitled GRAM has been written that
performs the necessary computations. The program is suitable for analysis
of actual flight test data as well as for a simulation mode. In the latter
case the flight trajectories are first generated , incorporating synthetic
disturbance and measurement noise, and identification is then performed on
the simulated trajectories. The simulation mode is useful when, for example,
the approximate transfer functions of the vehicle are known (from hydrodynamic
computations) and it is desired to find efficient maneuvers so as to develop
a flight test plan.

The structure of the report is as follows. Section II presents the
theory of the GRAM Identifier. Section III gives a user oriented description
of the computer program. The results of some case studies, including those
performed on actual vehicles, are provided in Section IV. Appendix A includes
the listing and flow charts of the subroutines used by GRAM. Appendix B
provides a brief discussion on the equivalence of z—domain and s—domain
transfer functions and Appendix C deals with the solution of a key equation.

-1-
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II. GRAM IDENTIFIER

The identification problem is formulated with reference to Fig. 1.
The variable u represents a nonzero input variable —— the stern—plane
angle, the rudder angle or other control surface deflection . The cor-
responding response y represents one of the motion variables —— pitch angle,
yaw rate or some other . In part (a) of the figure is shown the vehicle ,
the instrumentation for the input—output variables, and the necessary
samplers for digitization of these signals. Part (b) of the figure
provides a discrete—time interpretation of the identification problem,
which is stated as follows:

Given

i) the input and output measurements v(k), x(k), k l ,...,K,
ii) the integers n and r in the model

y(k) + a
1
y(k—l) + .... + a y(k—n) = b u(k) + .... + b u(k—r) (1)

iii) a statistical description of the noise processes w(k) and q(k),
find the unknown parameters a

i 
and b so that the model provides the best

fit (in some sense) into the measures data.

Note that the quantities aj, bj, y(k) and u(k) are in fact to be
estimated. Only x(k) and v(k) are directly available.

Remarks

The reader familiar with the principles of signal sampling may wish to
skip these remarks.

• Note that y(k) = y(k~), u (k) = u(k~ ) ,  etc., where L~ is the sampling
interval.

• In terms of the z—transform variable the relationship of (1) can be
written as [5]

—2—
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Ef fec t  of disturbances

u/ VEHICLE 
y( t )  

+

~~~~~~~~~~~~~~~~~ Samp1e 
L~ 5 m~rx (k)

Noise Noise
w(t) q(t)

(a) Single—input , single—output maneuver

y(s ) /u( s)  = H(s)

u (k) j UNKNOWN y(k~- ] TMODEL~~~
J

wUc) -5d~
) 

) v (k) q(lk) )x(k)

(b) Discrete time identification problem

y(z)/ u (z) = 11(z)

Fig. 1. Single—input, single—output identification problem.

—3—
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y(z)  
= 

B(z) (2a)
u (z) A(z)

= 
b + b1z

’ + • + b
rz

r 
(2b)

l+ a z 1’+ . - .+ a z
n

1 n

= 

b (l—~1
z~~) • . (l— ~~z~~) 

— 
(2 c)

(l—a1
z 1’) . . . . (1—a z 1)

The system described by (1, or (2) is stable if and only if each
pole a. satisfies the condition a.I< l

1 1

• A discrete—time model of the form (1) or (2) retains some infor-
mation about the original continuous time system . The faster the
sampling rate the greater the information retained. As a rule of
thumb the sampling rate should be about ten tim es the highest
critical frequency of the vehicle function H(s) = y ( s )/u ( s ) .
When this condition is satisfied a correspondence between the
z—domain and s—domain functions may be achieved. Specifically,
the equivalent continuous—time model becomes (see also Appendix B)

(s+q~) (3)
H(s) = (s+p

1
)(s+p

2
) • .

Where

1 ~ —q
= — -

~~ in (p
1

) (or ~~~~ i )

1 —p t~= — ln (n
i
) (or a. =e i ~

The relationship in (1) , or equivalently (2b), may be written as

A
T 

~ 
y(z)  = BT

~ u(z)  (4)

where

A
T = [1a 1 a J

B
T = [b 0 b

1 • •b ]

—4—
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[1 ~—1 

~r
T = [1 z~~

’ - . -
The super T denotes th€: transpose of a vector or matrix. Equation (4)
should form the basis for modeling the vehicel dynamics . However , as
discussed later , the use of the vector signals ~ y( z) ,  

~r
L
~

I
~~ 

lead s
to poor resul~s in identification. Instead GRANU relies upon certain
measurement signals shown in Fig. 2 generated by means of f i rs t  order
digital filters. Specifically , use is made of the vector signals

TY (k) = [y (k) , y
1
(k) y (k) ]

U(k) = [un_r (k) , . . ., u (k) ]T

consisting of the measurements at time instant kL\. They will be called
output and input measurement vectors , respectively . Their z—tran sforms
are denoted as Y(z) and U(z). It can then be shown that

Yo
(k)

~

1Y

~~
t
..D

i Y1
(k) 

l Q 2
z 1 }

~ 
—5-

~~~~~~~n
z
_

~~~~

.——,

u (k)=u(k) P
1 

u
1
(k) P

2 1u 2(k) [ ] ~~~ k)

l Q1
z 1 l—Q2

z 1 f ~ 
l—Q z 1

Output measurement sequences: y0
(k) ,y~ (k)

Input measurement sequences: un_r(k), • . •,u (k)

Fig. 2. Measurement filter system
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Y(z ) = d (z) C T
~~ y(z )  (5a)

U(z) = d (z) ~~~~~~~ (Sb)

where

d (z) = 11 (i_Q
i

z”
~

)/Pjn i=l

~00 
C

0], 
. . .

C =  C LO e J i

c 0 0
nO

and ~~~ are the coefficients 
of the polynomial

n—f ~~
, 

n —l
1 c~.z = It (l_Q

i
z )

i=j

The matrix C is defined in a manner siuilar to C ; it is in fact

the (r+l)x(r+1) dimensional top right corner subma~rix”~of C~~.

Measurement Filter Theorem [2]

If the signals y(k) and u(k) satisfy (4) for some parameter vector

A and B, then the measurement vectors satisfy the orthogonality condition

[aT_$T] [Y (k)1 =0 for all k

[u k J

—6—
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where
ct — C 1A (6a)

B = Cr
1
B (6b)

Proof The matrices C and C are upper triangular about the cross—
diagonal, the latter h aving ~onzero entries. Hence these matrices are
nonsingular. We can therefore rewrite (4) as

(C
n
_l

A)T C T
~~y(z) = (C~~~B)C T

~~u (z)

Substituting 6a and 6b and dividing through by d(z) one has

T 1 T T 1 T
a d(z) Cn ~~~~~ 

— B 4(z) Cr ~~ 
= 0

Upon substituting (5a) and (5b) this equation yields

[
T _$T](~ (2)1 = 0

L~~~~~~~~~ J

The result sought by the theorem is obtained immediately upon taking the
inverse transform. QED

Corollary: Let

A [aT _BTI
T Synthetic parameter vector

and T T Tf(k) = [Y (k) U (k)] Model-measurement vector

then

ATf(k) 0 for all k (7)

Measurement vectors

As stated earlier , the sequences y(k) and u(k) are not actually
available. Only x(k) and v(k) are, where

x(k) — y(k) + q (k)

v (k) u(k) + v (k)

Because the system of measurement filters in Fig. 2. is linear,
the following observation can now be made

—7—

.—- .,-. - . . - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.



~~~~~~~~~~~~

NCSL Th-204-77

Suppose that instead of processing y(k) the cascade of filters
processes output noise q(k). Similarly , let the lower cascade
of filters process the noise sequence w(k). And , let the
resulting measurement sequences be denoted as q1

(k) and
respectively .

Then

x~ (k) = + q~ (k)

v~ (k) = u~ (k) + w.(k)

where x
1
(k) and v (k) are the data—measurement sequences obtained

by processing x(k~ and v(k) by tl-e two cascades of measurement
filters.

Let
Q(k) = [q

0
(k) ,q (k) ]

W(k) [w (k) ,  ., w~(k)1

X(k) = (x
0

(k) ,x (k) ]
V(k) = [v (k) , . ., v (k) ]

e(k) (QT (k) , WT(k)IT noise measurement vector

g(k) = [XT(k) , VT(k)IT data measurement vector

Then
g(k) = f(k)+ e(k)

For convenience, f (k) , e(k) and g(k) will be called model—measurement
vector, noise—measurement vector and data—measurement vector , respectively.
To emphasize, the model—measurement vector f(k) is obtained by passing
the model sequences y(k) and u(k) through the measurement filters; the
noise—measurement vector e(k) by passing the noise sequences q(k) and v(k)
through the same filters; and the data—measurement vector by passing the
data sequences x(k) and v(k) through the system of mesureinent filters.

Generalized Least—Squares Formulation of the Identification Problem

Given the data—measurement vectors g(k), k=1, . . ., K and the
noise—measurement vector covariance

K
R = E 1 e (k) eT (k) (E: expected value operator)

k l

find the synthetic parameter vector A that minimizes
K 1

J E (g(k) — f(k)I
T R~~ [g(k)—f (k)] 

(8)
k=l

under the constraint

f ( J ) = 0 (9)

—8—
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Remark

(The reader may wish to skip this in the first reading)

2 
If q(k) and w(k) are stationary white noise processes with variances

and respectively and cross—correlation coefficient ~ 
(wh ich could

of course be zero) then

K 
Q(k)QT(k)0q

2 pQ(k)w
T(k)Oq

ow

R = E (K—k+1 ) — 

k—I. T “T 2 (10)
pW(k)Q (k)Oq

tY
w 

W(k)W (k)a
~

Here , [Q(k) ,W(k)] = p(k) represents the measurement—vector sequences

resulting from unit pulse (iS = {i,o ,O,...}) stimuli at the measurement
filter input terminals. We s~ali call 

p(k) the pulse—measurement vectors.

• Note that R has the form

rR ci 2 
R P0

111 q ~~l2 q w

R- t 
LR p a a  :R  ~~

2
21 q w i  22w

where the matrices R11, R12 — R21
T
, and R22 are known (without

the knowledge of aq
2S a~

2,andP). They are determined entirely

by the known measurement filters. When either 0q 
or is zero,

the matrix R becomes known up to a scalar multiple.

Solution of the Identification Problem

The solution A and f(k) which minimize (8) under the constraint are

obtained by the Lagrange multiplier method:

IC 2 K
E ~~g ( k ) — f ( k ) ( f  + E vk

(A
~~~

1c
~~ 

(11)
k—l R 1 k—i

- - 2R~~ (g(k)-f (k) ) + A 0 (12a)

(g(k)—f( k ) ) — R A (12b)

~
T (g(k)...f(k)) 4 Vk ~T R A (12c) 

~~~~~~~ - - -~~~ , - -~~~~~~ - .~~~~~ . ~~~~~~~ 
.
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= A”~f (k )  — 0 (12d)
k

Equations (l2c) and (l2d) together y ield

T TA g(k) = 4 A R A

= 
ATG(k) (12e)

2 ATR A

Substitution of (12b), (l2d) and (l2e) gives the minima with respect to
f (k) and

K V
j* ~ —~~ --- (g(k)_f (k))

TA
k=l

K V
= ~ J!~ g

T~~~~
k=l

K ATg(k)gT(k) A

k— i ATRA

By defining the Gram matrix of the data—measurement vectors g(k)

K
G = E g (k) gT(k) (13)

k=l

we may write

J* A G A

A
TRA (14) 4

The problem now is to minimize (14) with respect to A. This is quite readily
shown to be the eigenvector solution of

(G—pR)X —0 (15)

corresponding to the smallest eignevalue p~ .

—10—
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Furthermore, it turns out that 
~minimum 

~i
1 
and f(k) are given by

f (k )  — g (k) — 
A T g(k) R A

Remarks

S The actual solution of the eigenvector problem in (15)
is contingent upon the form of the R matrix. Three different
cases arise which are discussed in Appendix C.

• The standard deviations 0 and a of the output and input noiseq w
sequences are frequently unavailable. Under white noise assump-
tion they can be estimated approximately as follows. Suppose
that the useful signal frequencies are limited to the frequency band
[0,f1

], then by high—pass filtering one can estimate the power—
density of the noise in the region f1 to f1 + f2

; call this

density S(f
1
). Suppose the standard deviation of the high—

pass filtered signal is a, then the standard deviation of the
original noise signal may be estimated as

,~~ \ — II1Co = 2f 1S(f 1
) + ~ 

aria 
~

L
1/ — C g’ ~ LL

• As mentioned earlier, a judicious choice of measurement filters
can lead to rapid and successful identification of the vehicle
transfer function. The primary consideration in this choice is
that the resulting data—measurement sequences y

1
(k) should be

as linearly independent as possible (so that the cross—correlations
between them are as small as possible). For, if the measurement
sequences were highly correlated , the matrix C would becomes
ill—conditioned. Correspondingly, the solution ~ would be
unreliable. For example if the measurement filters were chosen
to have 0 so as to have nearly all—pass characteristics

(compared to the vehicle’s critical frequencies) than the
resulting measurement sequences have pair—wise correlations
approximating unity.

Another interesting case worth mentioning is that when
each measurement filter, instead of being chosen as a recursive
f irs t order digital f ilter , is replaced by a unit delay. In
this event the formulation coincides with that considered by
Levin 16]. If the sampling rate for discretizing the motion
variables is adequately high, which is usually true, the cor—
responding sequences ~~ (k) E y(k—i) are highly 

correlated ,
rendering this choice undesirable [7]. Poor identification results
therefore accrue.

—11—
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• Since the measurement filters (l—Q )/l—Q1
z~~) have low—

pass frequency characteristics widi unit d.c. gain, a con-
venient way to control the correlation between the resulting
signals is to choose so that the mean power of measurement

sequences diminish in a sensible manner. Call the mean power
of the output of the ith filter as p1

; the could be selected

so that

— n-i+l —

~1 ~~~ 
p i 1,2 , . . . ,  n

This choice of measurement filters has been implemented in
the computer program GRAM as is available to the engineer on
a select option basis

• As discussed earlier the minimum value achieved by the
criterion function J is given by j~ , 

the smallest eigen—
value of the equation posed in (15). This value will be
called the algorithm error. However, since the engineer
is interested really in the fidelity of output reconstruction
a simple measure of fidelity may be used. Let 9(k) be the
reconstructed signal obtained by processing the measured
input v(k) by the estimated transfer function (the true input
u(k) is used when simulation mode is used in the computer
program GRAM). Then the percent reconstruction error is
defined as

/K K
ESR = 100/ E (y (k) — 9 (k) )

2
/ E y

2(k)
k=l k—I.

-12— 
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111. PROGRAM DESCR IPTION

The purpose of this FORTRAN program is to determine a linear model
from flight-test data of a submerged vehicle. The method used is the ‘GRAM
Identif ier ’ discussed in Section II. The computer program is designed to work
under three different modes. When ISIM 0 analysis oi~ actual flight test
data is performed ; with ISIM = 1 and ISTI 2 flight trajectories are first
simulated and then identificr~tion is performed.

When ISIN is either one or two tl~ in;~ut data is generated in subroutine
FILLV where the type of control input ~s specified by the parameter INPT. The
flight trajectory is simulated using the z—domain vehicle transfer function
when ISIN = 1 (subroutine RESPON) or using the vehicle impulse response
when ISIM — 2 (subroutine CONVOL). Once the flight trajectories are generated
the program uses the facility of adding synthetic white Gaussian noise (sub
routine CORUPT) to the simulated flight trajectories. Next the model ident-
ification is performed based upon the actual or simulated flight trajectory
through the ‘GRAM Identifier ’ method. Tht~ identified model is used to recon-
struct a flight trajectory which is compated to the actual or simulated flight
trajectory for analysis.

When ISIN = 1 it is possible also to simulate a feedback system as
shown in Fig. 3 wherein the vehicle transfer function,the input function
(via option parameter INPT), the compensator constants and the gain constant
are specified to the program.

The last of these is not read via data cards; it is entered directly in
the subroutine RESPON. Identification is then performed upon the vehicle
input—output. For reconstruction one may use open—loop reconstruction or
closed—loop reconstruction.

_____  
EK _______ WK 

11(z)

I 
~~Az~~ ~

Fig. 3. Simulated feedback loop; C1 Cc~lPS(I) , A = GAIN

The input data cards on the subsequent pages give a description of all
input variables, and in so doing provide an understanding of the program use.

—13— 
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INPUT DATA CARDS

CARD Ii I. The first card is a title card. Columns 1 through
80 are available for an alphanumeric title.

CARD # 2 First option card which contains eight variables.

Variable Description Columns Preferred
Name Value (if any)
(Format)

N Order of system 1—5 —

(IS)

MP1 Number of data points 6—10 —

(‘5)

IPLT Plotter option; 11—15
(IS) IPLT 0 No plots

= 1 Plots only on line printer
2 Plots on printer and CALCOMP

plotter

ISIM Simulation option 16—20 —

(IS) ISIM = 0 Performs identification
upon flight test data

= 1 Performs simulation using
z—dotnain transfer function
coefficients

= 2 Performs simulation using
specified impulse response
hOc).

IMRESP This variable is used only when 1S1N 2 21—25

(IS) it specifies the type of impulse response
for the system being simulated.
INRESP 0 Impulse response RPULSEOc)

read from cards

IMRESP = 1 to 5
Synthetic impulse responses
generated (see subroutine
CONVOL)

NPIJLSE Number of impulse response points 26 30 —

(15)

-14- 
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INORM This option allows various matrices 31—35
to be normalized if INORM = 1

CARD 1 3 through card S IX 2 + 2*[npl/8] if ISIM = 0

IX= 4+2*N if ISIM= l

2 + [NPULsE1’81 if ISIM= 2

[X] is the function that rounds off to the nearest
integer greater than or equal to X.

These cards contain different types of data which
is determined according to the option ISIM . Specif-
ically if ISIN = 0 the output input data is placed in
these cards. This information is placed on the cards
in 8F10.l fields with the odd positions containing
the outpu t data and even positions containing the
input data. If ISIM 1 these cards contain the
z—domain transfer function coefficients. The number
of coefficients must equal 2N+2 and must be entered
as follows. The z—domain transfer function is of the
form shown below

11(z) — 
b
1+b2

z +b3
z +. . . .+b~~1z~~ NUN(z)

- -l —2 -ri DENOM(z)
.L+a2z +a3

z +....+a 41
Z

The coefficients should be entered each on a separate
card in a D22.l5 format in the following order .

1, a~, a3.,....,a +i.—b1
, —b2 , —b3 

If ISIN— 2 and IMRESP=0 these carc~ contain the
impulse response. The length of impulse response
is determined by the option NPIJLSE. Eight data
points are placed on each card in an 8F10.0 format.

CARD S IX + 1 Second option card contains sixteen variables

Variable Description Columns Pr eferr ed
Name Value
(Forma t)

INPT Option to select a specific input 1—2 —

sequence (used only when ISIM—l or 2)

INPT — 1 Impulse
— 2  Step
— 3 Doublet
— 4 Squarewave

-15-
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INPUT 5 Square wave followed by exponential
= 6 Exponential
— 7 Periodic impulse
— 8 Triangular wave
= 9 Exponential + decaying sinusoid
= 10 Random noise
= 11—20 shifted functions 1—10

IREM Option used to describe the order 3—4
(12) of the numerator compared to the

denominator. This parameter controls
the numerator of the z—domain model
transfer function. Specifically, it
limits the numerator degree in z ’ to
N— IREM . For example if IREM = 1, then
the model seeks a numerator.

NUM (z) = b1 + b2z
1+....+b z~~~~~

IZTS This option determines the type of 5—6 —

(12) z domain to s domain transformation
that is performed.

IZTS = 0 Z domain to S domain
conversion is not performed.
That is an equivalent continuous
time system is not found

= 1 An equivalent continuous time
system is found (from the
discrete time transfer function

~(z) based on a logarithmic
zto s transformation) .

= 2 An equ ivalent continuous time
system is found (from the discrete
time transfer function 11(z) based
on a pulse delayed z to s trans-
formation.

QOPT Option used to determine measurement 7—8 —

(12) filter pole(s). If QOPT = 0 each of
the measurement filter poles is set
equal to the data value read as QSAV.
If QOPT 1 the measurement filter poles
are calculated in subroutine PINDQ.

-16-
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PDMCK This option allows a negative 9—10 —

(12) feedback path to be added to
simulate a feedback system for
which the vehicle is the plant.

FDBACK 0 No feedback

= 1 Feedback is simulatsd

FDREC FDREC is the variable to determine 11—12 —

the type of reconstruction desired .

FDREC = 0 Open loop reconstruction

= 1 Closed loop reconstruction

(Note FDREC must equal zero if FDBACK
equals zero)

ILEVIN This option is used when the LEVIN 13—14 0
identification technique is desired .

ILEVIN — 0 Gram identification
technique performed .

1 Levin identification
technique performed.

IDLY Delay introduced on input numerator 15—16 0

NUM(z) = z~~~
L’
~(b+ . .+b (+l IREM)*z~~~~

IREM)
)

N Order of model 21—25 —

(IS)

MP1 Number of data points 26—30 —

(15)

NPRD Time scale parameter for input 31—35 —

(15) signal (useful only when ISIN = 1 or 2)

ISKIP This variable determines the sequence 36—40 —

(IS) of points plotted on the printer.
If ISKIP — 1 every data point is
plotted and if ISKIP = 5 every f if th
point is plotted,etc.

DELTA Sampling interval 41—45 —

(F5.0)

-17—
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QSAV QSAV is the measurement filter pole(s) 46—50 0.8 to 0.95

(P5.0) used only if QOPT = 0 and disregarded if
QOPT 1.

NSPQ Noise to signal power ratio of the 51—55 0.01
(F5.0) output sequence (used only if ISIM 1 or 2 ) .

NSPW Noise to signal power ratio of the 56—60 0.01
(F5.O) input sequence (used only if ISIN

l o r 2)

CARD # IX + 2 This card contains the coefficients of
a first forder compensator in the forward
path preceding the vehicle. The general
form of the compensator is;

C(z) = 
COMPS (2) CONPS (3)z 1 

( 
cs+b~

1 —COMPS(l)z 
a

The coefficients are read in the form
of 3FlO.l fields. If no compensation
is desired a blank card should be
inserted in this position.

END OF FILE CARD

II Card on IBM 360 system.

MEMORY

The total storage required for the program is 152K bytes, or approximately
40K words , on an IBM 360/75 computer system. This will, of course, change if
the array dimensions are changed to meet the users test requirements. Presently
the program can accept up to one thousand data points each for the input and
output signals. The model sought (or the simulated model entered when ISIM — 1)
can be as high as ninth order. Under the third simulation mode (ISIM — 2)
the impulse response can be of a length up to sixty four data points. It is
important to note that the square matrices G and Z and the vectors GAMMA, XLAMDA,
and COEFF should have a dimension at least as large as (N+N+2 ) where N is the
order of the model.

—18—
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OUTPUT

The first line of output is the title which is followed by a column of
program variables as follows:

S T A - .~t I N G  S E M U L A I I C N

S Y S T C M  O° D~ R = 4
M + l =  ~~~

LNPT = 9
I RE M = 1
ILlS = 2

:~sPo = ‘ . ~~~~~~~
~~~ = 

~.) • . 1 ~~

SAMP LIt”4 G I~ sT ERV A L . C(~ ~~~
q PA RAM ET ER =
QOPT 1
1PLT = 1
FD~3A CK=
FOR~ C
ILLVIN
IDLY =
1NORP’ 1
C O M P S ( I )  = .•~ •

1

The next portion of the output is a plot of the vehicle input and output.
On the lef t hand side three columns of printout list the serial number of the
data po int , the instantaneous value of the output and the instantaneous value
of the input repectively. In case a feedback loop is employed (i.e. FDBACK = 1)
then the command input (i.e. the input to the feedback system) is plotted
preceding the vehicle input—output plot. Next the following title is printed

GRAM IDENI IF IER

The next output line lists the values of measurement fi l ter  poles ( Q ( L ) ) .  Note
that N measurement filters are used where N is the system order. All Q(I) are
equal if QOPT = 0.

Following the Q parameters is the listing of the gram matrix C. This
is an NPNP2 x NPNP2 matrix where NPNP2 — N+N+2 . The item printed next is the
noise correction matrix Z which is generated in the subroutine BUILDZ. This
matr ix is also NPNP2 x NPNP2 dimensional. The next line of printout is the
Synthetic Coefficient Vector XLAMDA which is generaied using the subroutines
SOLVE1, 2, and 3. Following the Synthetic Coefficient Vector is the trans-
formation matr ix A (again an NPNP2 x NPNP2 matrix) which is premultiplied with
XLANDA to obtain the desired parameter vector GAMMA . It is generated in the

—19—
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subroutine BUILDA. The next value printed is the estimate of bias in data
followed by the variable NN. At this point in the output the following are
printed

• a) the z—domain denominator, numerator and poles ,
b) the s—domain poles, numerator constants of a partial fraction

expans ion (available only when IZTS = 2 or 3), the denominator and
numerator.

The values of the denominator and numerator coefficients for both the
Z and S—domain are printed in ascending order of the degree of the term it
multiplies, starting with the constant term and ascending to the appropriate
highest order term. At this point the reconstruction from the model is
obtained via RESPON. The subroutine ERROR calculates and prints the re-
construction error

P~ R C~~’~T MEA-\ POWER ERROR OF ~ ECO~ STRUCT ION ..C C

PER CE’~T OF SQUARE ~O~JT OF POWER ERROR IN REC UST RUCT Z Q~J C.~).)2

The last output is the plot of the true response (when ISIM = 1 or 2) or
actual f light test data when ISIM = 0 and the reconstructed response. The
same format is used as the previous one for the vehicle input output plot.

-20- 
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PROGRAM GRAM

FLOW CHART :

ISIM 0 READ OUTPUT (XORG ) AND INPUT (YORG ) SEQUENCE
= 1 READ TRANSFER FUNCTION COEFFICIENTS , GENERATE

IMPULSE RESPONSE (CALL FILLV WIn-I INP T = 0 AND CALL
RESPON) AND PLOT IT

— 2 MID IMPRESP = 0 READ IMPULSE RESPONS E

READ PROGRAM VARIABLES

ISIM— 0.? 
Yes

PILL INPUT ARRAY (VORG) ACCORDING TO
OPTION VARIABLE “INPT”

(CALL FILLy)

No
FUBACK— 0? PLOT COMMAND

INPUT

GENERATE OUTPUT SEQUENCE XORGOC)
ISIM = 1 CALL RESPON

2_ fALL CONVOL

V(I) ”VORG( I) ;X(I )=XORG( I) 
J

1
CORRUP T INPUT AND OUTPUT SEQUENCE IF DESIRED

(CALL CORUPT)

START IDENTIFICATION FROM INPUT OUTPUT DATA
(CALL ORANII )

—21—

~

-—-•--- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ •-~~~~~ -

.‘ 
—



— - —~~
—

~ 
- - -—-- —— -~~~--— ~~~~~~~~~~~~~~~~~~~~~~~~ 

- • -
~

----—• - 
~~ • ~~~~~~~~~~~ - ,, • ~~~•,• ~~~~~~~~••

NCSL 1)1-204-77

LIFD~ 0? j No 

~ 

GENE RATE INPUT (VORG )]

_ _ _ _ _ _ _ _  
a

CALCUlATE RECONSTRUCTION ERROR
(CALL ERROR) 

]_________________________________________

C
END D

— 22—
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C P R O G R A M  C R A M
DIMENS ION X ( l 0 0 0 I ,V ( L0001 ,X OR G( LC OO hV O R G C 1 C ’ O f l ,X REC( IOOO
DIM ENSID ~ D A T A U O O D , 2 ) , D A I A 2 U C O O , 2 )  .BUFFU000)
DIMENSION G t ? 0 , 2 0 ) , i ( 2 O , 2 C ) , G A ~~’A ( 2O~~,X L A M O A I 2 0 ) , C O E F F ( 2 O )
DIMENS ION HPULS EI6 ’ o )
DIMENS ION T IT L E( 0O )
COMI ~0N NM
R EA L 4 R Gil , GA MP~A , X 1A MOA , CQEFf ,CC (~PS
R( AL *8 D E L T A , Q , Q S A V , O E L S A V , A V G Q , A V G W , S U M V Z ,X S A V
REAL NSPQ . NS PW
INTE ( ER OO PT,F OO AC K, FDR EC
EQU IVA LtN CE U( 1,1) ,O UF FI  1~ I , ( C ( L .  1 )  ,f lU FF( 15(U))
EQUiVALENCE I D A T A ( l , L ) , X l1 )  ) , ( O A T A I 1 , 2 1 , V ( 1 ) )
EQUIVALENCE ( X0RGI1 ) ,DA T~~~U, ) ) ) ,1~~R E C t 1 ) , D A T A 2 ( 1 , 2 ) )
EQUIVALENCE 1 N S P Q , S I G Q ) , ( r ~S P W , S I G W )
COMMON /C DMPEN/CO MPS( 101
COMMON IGKR DFL G KR

C
W R I T E I 6 , 1 0 2 2 1
R E A O ( 5 , 1 ( ’ 2 1 )T I T L E
WR I T E(6 ,102 1)T ITLE
WRIT E (6,1023)
MAX PL~ 1000
MA X =20

4320 READ (5 , 10C l 1 ) N , M P I , I P L T , I S J H , I P R E S P ,NPULSE,JNCRM
NP NP 2~ N4N42
RDEL~0.01
I F ( I S t M . E Q . 0 ) R E A 0 ( 5 , 6 9 9 5 I (X O f l G ( K h K~~t , M P 1) , ( V O R G ( K 1 , K x 1 , M P 1 )

F IF( IS IM.EQ.2 , AND. 1M RES P .EQ. O ) READ ( 5 ,6 995 ) ( I I PUL SE ( K1 , K~ 1,NPULSE)
IF( IS IM.N€.11 GO IC) 6622

C READ DIFFERENCE EQUATION PA PAI~ETE RS
REAO (5, 70 1, ENO=1 234 ) ( C OC FF (  I) ,I~~1,NPNP2)
CALL F IL LV (V f l RG ,MP1,0 ,t ~PR D)
CALL RESPON (W ,VORG , N,CO EFF ,xLA MDA ,MPI,0)
IF( IPLT .ME. 2) GO TO 6622
CALL PLOP8 I M PI , l , X , I 4AXPL ,C .O , RDEL ,3 ,

117HIMPULS E RFSPONSE .,
2l6H T1M~ IN SECONDS _ ,BUFF)

6622 CONTINUE
KKKK= O

C
C -
4321 READ (5 , L ,EN D=1 23 ’.) INPT, I REPI , IZTS , QOPT , FDBACK ,FDREC , IL EV IN, IDLY ,

1NDEiJ ,MPI,NPRD,IS I~IP , DE1TA ,Q SAV ,N S PQ, NSPW
R EA D ( 5 , 6 9 9 5 ) ( C O M P S ( I ) , I~~1,3)
IF(N.EQ.10000)G0 TO ‘.320
Qa Q SAV
WR IT E(  6, 1000) N, MPI, INPI, IREM, I1TS , NSPQ, NS PW,DEL T A ,  C, COPT ,

• I IPLT , FDSA CK , FDREC, I L EVIN, IGK R, I DLY , INORM , LCO~4P5~~I) , I5 1 ,3 )
NM1~~N—1
NP 1 —N4 1
NP2.N.2
NPNP1aN.N+1 -

NPN P2aN+P~I+2
RHD—O,O
NN N- IKEM

— 23
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I F ( ISZM. EQ. 0 ) GO TO 23
C
C F ILLI NG THE INPUT ARRAY ACCORDING TO OPTION PARAME TER, INPT

CALL F IL . LV (V OR G , MP I , I NPT ,N P RO I
IF (FOR ACK.EQ .O)GO TO 6626
00221~~1 , NP!
V( I) ~VORG ( 1)

22 X 1 1 1 0 . 0
IF IKK K K. NE .01  GO TO 6616
CALL PI O T I T I O A T A  ,2,MP1,1, MP 1 , I S K I P , NAXPL ,1 ,1 . O )

6616 CONTINUE
I F t I P L T . N E .2  .OR. K K KK.G T .0 )  GO 10 6626
CALL P L O P B I M P I ,2 , O A T A  ,MA XP L ,0 .C,RO EL ,3 ,

I25HINPUT TO FEEO MA CIc SYSTEM ...,
2I6HTIME IN SCCONDS ....BUFF)

6626 CONTINUE
C
C GENER A T ING SEQUENCE X ( K )

IF( IS IM .EQ . L I CA L L  RES P C N(X ORG ,V DRG, N,C OF FF , X IAP IOA ,MP I,FO UAC K )
ZFI  IS IM .EQ .2 )CAL L CO NVCL (H PULSE ,VOR G ,X OR G,N P ULSE ,MPI , IM RESP )

23 DO �4 I= 1, MPL
V( I) V O R & I I )

24 X I 1 ) ~~x O R G ( I )
IFI ( NSP Q ,NS PW )* IS IM .NE.0 )CALL CO R UPT IX ,V ,S IG Q,S IG U, MPI)
) F( K K KK . N E.O) GD TO 6611
W R IT E ( 6 , 1 0 0 3 1
CALL P L O T IT I DA T A  ,2,MPI ,1 ,MPI ,ISKIP , I4AXPL,1,t.0)

6611 CONTINUE
I F ( X P L T . N E . 2  •OR. K K K K . & T . O 1  CC TO 6633
CALL PLO P8 IM P 1 ,2 , DAT A ,MA X P L ,0 .0, RDEL,3,

127HCORRUP TED INPUT A N D  OUTPUT _ ,
2I6HTIHE IN SECONOL ,BUF F)

6633 CONTINUE
N — N D EN

C START IDENTIFICAT ION FROM INPUT OUTPUT DATA
F C

CALL G R A M I I I X , V ,M P1,SI GQ , SIGW , RHC,N,UEL TA ,Q ,QO PT,1REF,I l T 5 ,GA P’ MA ,
IXL A M OA , G ,Z , MAX , ILEVIN, IDLY, 1NORMI

ZFOZO
IF IF DBA CK. GE .1 .AND. FO REC.EQ .1)  1FD~ FDBA Ck
IF( I FD .NE.O )  CALL F I L L V IV O R G , PPI , INPT ,NPf lD )
CALL ER ROR (XR EC ,VO R G , GA MM A , M PL ,N , XLA MOA , XORG, IF D , I DLY )

C
C PLOT RECONSTRUCTION

WR IT E ( 6 , 6 6 )
WR ITEIÔ,10D 4)
IF (I PLT .FQ .O1 GO 10 6544
CALL PLOTIT(DATA2 ,2 ,MP I,1,MP1.ISKI P,PAX PL, ) ,t.O)

6544 CON TiNUE
99 RDEI DELTA

IF( I PLT .N E .  2) GO TO 6644
CAL l . PLOP8 ( Mf ’ 1 , 2 , O A T A 2 , MAX PL,0 .0 ,RO EL,3 ,

Z4 OIITRUE RESPONSE VS RECONST RUCTEC RESPONSE _ ,
2I6HTIME IN SCCONOS _ ,BUFF )

6644 CONTINUE
C

XKKK-K K kK 4 1
100 GO TO 432 1
1234 CALL PICSI1 (0 ,O ,O .0)
1022 ~O R M AT I/ / / F /F/ I /I / / / / / I F / / I /I/ I l~~IIII//~~FIIIII/I//I////III////I/)
1021 FORMAT ( 80A 1)
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102 3 FORMAT l / ,1* , .*s.,..,............. *$...s*.***.*Søs*..eS*.a...*s1,
I •S .#•*4***eS***S~~.4 . , e*SS*Ss**.~~s s 4 . )

1001 F O R M A T I B I S )
701 F O R N A T ( 0 2 2 . 1 5 )  -

1 F O R M A T ( B I Z , 4 X , 4 I S , ’.15. OI -

100 3 FDRMA T (/~ ,SX, ’OUTP tiT ( S )  ANt) INPUT (.1’ ,!)
1004 F O R M A T I / / , 5 X , ’DU TPUI ( * 1  AND RCCON ST .~JCT IO N ( • ) ‘ ,/ )
66 FO RMA T ( / / , Z X , ’ TRU F ~~ S~ (’~~SE V ER S~~S kECoN~ TRuc r 0 R FS PONSE ’ ,/ / )
699 5 F O R M A T ( R F 1 O . D)
1000 FOR MA T (IHI ,5’)X, ’ST ARIING S 1 M U L A T I t ’,.’2D X ,’ S Y S~ F M ORDER •

120 X ,’M .  1 —  ‘,IS 1 / /~~.20x , ’ tN PT
2’I REM ‘,I5,/,20X, ’TI TS = • ,f5 ,/// ,2OX, ’NSPQ~~ ‘,FLO. 6,/ .20X ,
3’NSP W — ‘,F ifl.6, /II, O x , ’SAMPI ING I N T E RV A L  ‘,F10.b./2O ~~.’Q PARA IA
4ETER — ‘ ,F1O.6,/ , 2 f l ’( , ’ CO P T • ‘,I5 ,/.20 X. ’ IPLT
5 ’FDBAC K— ’,!5,/,2O X , ’FDI~fC ’ ‘,j5 ,/20 X , ’I _ E V IN~ ’,I 5 , ,2OX , IGt ~R — 1~~

6I5,120X, ’IDLY — ‘,I5,/i~~~,’INOftM— ,15 ,/20 X ,’CUM P S(I) = ‘,3G17.1O,
7/)

STOP
C
C
C
C
C
C DEF INITION OF PA RA M ETERS OSLO IN THE SIMULATION OF A
C LINE AR DYNAMIC S I. TEM
C
C X IS THE CORRUPTED CUTMUT SL~ ULNCE
C V IS THE COR RUPTED INPUT SEQUENCE
C GAM MA IS THE COEFF ICI ENT VEC rO R
C
C MAX ACTUAL DIMENSION SIZE OF 2—DIM ARRAYS IN THE DIM ENSION
C STATEM ENT
C N = ORDER OF SYSTEM
C - THE MA XIMUM VALUE CF N IS MA X / 2 — 1
C MP1 — M+I , THE TOTAL NUM OE R OF SAM PLED POINTS IN EACH SEQUENCE
C

F C SIGQ — THE STANDARD DEVIATION OF THE OUTPUT NOISE SEQUEN CE ,Q(K )
C SlO W — THE STAND A RD DEVIATIO N OF THE INPUT N C ISE SEOUEN!CE , w ( K )

- 
C HOWEVER ZN THE READ STATEMENT THE DESIRED NOISE TO SIGNAL POWER RATIO
C
C IS READ INTO 51CC AND 51G W FROM WHICH THE TRUE STANDA RC DEVIATIO N S
C ARE CO MPUTED AND STORED BACK INTO 51CC AND SIGN

— C RHO — EXPECTAT I ON I W (K)*Q (K) I
C
C DELTA IS THE SAMPLING INTERVAL
C C IS THE D ENOM IN ATOR PARA M ETE R OF THE KNOW N FIRST ORDER DIGITAL

F C FILTERS F OR THE GN AM Ii TECHNI QUE
C QSAV IS THEIR CUTOFF FREQUENCY
C
C
C IGKR O USE IS MADE OF THE FIRST RO W OF ADJOINT

• C 1 DIAGONAL (NEGATIVE ENTRIES SET TO ZERO)
C 2 ABSOLUTE VALUE OF DIAGON AL
C
C
C IS-IMsO READ EX PERIM ENTALLY MEASU RED INPUT OUTPUT DATA
C I READ COE FFI CIENT S OF H (Z), THEN SIMULATE INPUT—OUTPUT
C 2 READ IMPULSE RESPONSE I-IPULSE(K I. K .1,...,NPULSE A ND SIMULATE
C
C
C IREM - DEGREE OF DENOMINATOR MI NUS DEGREE OF NUMERATOR

— 2 5 —
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C IDLY • DELAY INTRODUCED ON INPUT NU MERAT O R ; Z E T A - l / z
C ZE TA * * I I ) I Y ( N i l) ’ .. IB(N, l — I R E M ) * Z E T A * * ( N — I R E M )
C
C I Z T S  0 PRI NTING OF DISCR ETE T I M E  T RAN S F F .R FUNCTION OMLY AND
C T H E POEC S OF THE 1 DOMA I N
C • 1 IF LO GA RIT HM IC  T R A N S I O R r A T T C ~4 IS  TO RE CALCUL ATEC
C • 2 If HE LAY f : D PULSE INVA R IANT TRAN S IGRPf A T I O N IS TO NE CALCULATED
C
C INPT L IMPUlSE, 2: STE P , 3: 0000LE T ( DURATIO N ?4PUL )
C 4 : S O WA V E (P E RIO D NPIJ I) , ~ : S L — L X P ,  6: EX P ,  7: PRO IMPI

• C B: TR I W A V ~~, 9: E X1 ’4 O SC , 10: RANOO 14
C
C QOPT — 0 IF Q ( I ) = Q S A V
C I IF 0 (1) GENERATED IN QFIND
C
C FOR AN UNSTA BLE SYSTEM FEE OOA C I~ MA Y LIE PROV ICID DY SETTING
C F EEDL ’A C X I. A CO M PE NSATOR IN THE FOrW ’~~D PATH )$
C P ROVI D ED ON A NQNOP TIO NAI  MA S t S ,  F~~~F PT THAT
C Wt I E~J Til E COMP E NSA TL1 R CARD HA S 1ERO E N T R I E S  T IlE PROGRI.M
C AUT O MAT ICA L LY SE T S T IlE CO MPEN SA TOR TO CI ? 1=1.0
C F EEDBAC K GAIN  IS MAN UA LLY Ef-iTERED IN S ULI RO UT it~E R ESP ON

• C AS TH E V A R IA NIF. “GAIN ”
C •A * * S4 * * T H E  C OM PS ( I) CO E FF IC I E NTS
C OF C U ) —  ( C O I 1 P S ( 2 ) — C C M P S ( 3 ) / Z )  / U — C O M P S ( 1 ) / Z )  MUST
C MUST NE READ , A (ii ~tsK CAF O MA Y BE PROV I DED IF
C IF NO CO MPEMSMOR IS C ESI RE D
C F DREC — O IF OPEN LOOP R I C O W S T R F j C T I C N  IS DESIRED
C MUST B E ZERO IF FODA C K IS ZE RO
C 1 IF CLOSED LOOP RECONST RUCT ICIN DESIRED
C
C
C POLES OF THE CONTiNUOUS DOMA IN MUST BE DISTINCT AND NON—ZERO
C FOR TRANS FORMATIO N TO BE V A L I D
C
C IT IS IMPORTANT TO NOTE THAT TIlE VALUES OF THE CONTINUOUS
C SIGNALS SAMPLED AT TIHE—tX—I) *DU- LTA ARE STORED IN THE KTH
C SEQUENCE P05111CM OF TIlE A R R A Y S
C
C DATA DEC I~ CONSISTS OF A READ CPTION CARD (N,IPLT),
C THE Z—DOtIAIN COEFFICIENTS OF TIlE ORIGINAL TRAN SFER FUNCTION,
C AND A PARA METER CA R D( N , 14P 1, I NPT , IGR M ,I R E M , I S T Z , S I G Q , S I G W ,
C OELTA ,QSAV,00PT,NPRC ,FOBAC K, FCREC ).
C
C PROGRAM READS SEVERAL PARA M ETER CARDS. LAST PARAME TER CARD
C MUST HAVE 1 IN COl 1 TO READ ANOT HER TRANSFER FUNCTION AND
C PARAMETER CARD SET.
C
C IPLT O Nf) PLOTS
C IPLT=l PLOTS ONLY WITH PRINTER
C IPLT — 2 PLOTS ON CAICOMP A5 WELL AS PRINTER
C
C
C
C

END

- -26—
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IV. APPLICATION EXAMPI,ES

Example 1

For a six—man submersible the transfer funct~~ it.- describing its ;
dynamics were obtained from the hydrod yi~~~ic coeff.~cients via a
computer program RCEORGE. The pitch vs. ~-;t e~n—p la:~e dynamics will be
used here to demonstrate the application of GRAM Identifier (ILEVIN 0
in the program). Specifically the transfer functi~ ’n relating these
variables is

—0.34320s
2 —O.17384s —0.008631

4 3 2s + 1.47989s + 0.11833s + O.02048s + 0.00102

—0.08348 + jO.48366 
+ 
—0.08348—jO.48366

— 
s + 0.00919 + jO.11378 s + 0.00919—jO.11378

+ 
0.16696 + O.00002_
S + 1.4057 s + 0.05579

For all practical purposes this is seen to be equivalent to

—0.34320s —0.15469R4 ( s )  H 3 (s)  — -___________________________________

s + 1.58950s’ + O.26054s ÷ 0.00306

—0.08349 +j0.48367 
÷ 

—0.08349---jO.48367 
+ 

0.16696
s+0.009l9+jO.11378 s+0.00919—j0.11378 s+1.4057

In this third order function the energy of the complex pole pair is 26.9
while the energy associated with the real pole is 0.01; the latter thus
represents only 0.037% of the energy at the dominant complex pole pair .
Therefore, unless the input is such that its spectral content is r ich in
radian frequencies around 1.4 , this mode will be extremely feeble . We wil l
in fact call this mode a micromode [3]. When this micromode is not
appropriately excited the vehicle transfer function may be approximated as

-~ —0.16698s + 0.10853}1
4

(s) = 11
2

(s) 2s + 0.1838s + 0.01303

—0.08349+jO.48367 —0.08349—jO.48367
s+0.00919+jO.11378 + s+0.00919—jO.l1378

Before describing the various experiments conducted , the z-domain description
of the pitch transfer function is first provided . The transfer function
114(5) was transformed by the Leading—Edge—Pulse Equivalence method (Appendix
B). A sampling interval ~ = 0.5 second was used yielding

— 
(l0 4)(0.20744z~~—0.19065z

2—0.l5179z 3+0.l37l4z 4)

l—3.45527z +4.38952z —2.41135z +O.47714z

~

—- - - .

~

—

~ 
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En all of the five experiments performed 250 second s of simulated data
(MP1 = 500) were used . This represents approximately 2 1/2 time constants
of the dominant mode.

Expe r iment 1

The function H4(z) is employed to simulate the discrete—time trajectory
Q(k) to a given stern—p lane input 65(k) (INPT = 9, NPUL = 100). As stated
ear l ier ~ (s)/ ô 5 ( s) is e f f e ct i vely a thi rd order function , however , a f our th
order identification was f i r s t  performed without masking the data with noise
(NS PW = NSPQ = 0.0) . The identif ication yielded the following H4(s)  wi th the
option variables chosen as ISIM = 1, IREM = 1, IDLY = 1, QOPT = 1 and [ZTS 2 :

—0. 34323s 2 —0. 17394s—0.00 867
4 2 2s +l.48029s +0.l1867s +0.02049s+0 .00103

ESR = 0.000 (see page 12)

Clearly this identification is good since the model found is almost identical
to the given H4(s). A comparison of the poles of the given H4(s) and the
identified poles is shown below .

H4(s) Poles Identified Poles

—0 .00919 + j O.11378 —0 .00919 + jO.ll378
—0.00919 — jO.1l378 —0.00919 — jO.11378

—1.4057 —1.4058

—0.05579 —0.05603

Although the vehicle transfer function was identified perfectly , any
quick conclusions as to the effectiveness of the identification method are
misleading. Because even the slightest amount of noise on the data will

mask the micro—micro—mode (0~~ 0~~~ 79) making its identification impossible.

Therefore the remaining experiments will pertain to third order identification
except the last one. The latter is a second order run demonstrating the
detection of the dominent pole pair .

Experiment 2

This run is identical to the previous one except that a third order model
was sought (N 3). The transfer function found was

_0.00435s2_0.33603s_0.14986}1
3

(s) = 
3 2
s +l.38026s +0.03806s+0.01774

ESR = 0.447

2 8
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The identified poles are compared to the true poles below

11
3(5) Poles Identified Poles

—0.00919 + jO.11378 —0.00919 + jO.l1378

—0.00919 — j0.11378 —0.00919 — j0.l1378

1.4057

Experiment 3

Ten percent rms noise was added to 5oth the input and output data
(NSPW NSPQ — (0.1)2). A third order identification was performed using
an input generated via option INPT = 9, NPUL = 100. The test failed due
to the extremely poor spectral content of the input. Specifically the input
signal did not have sufficient energy at radian frequencies around 1.4,
consequently it did not properly excite the pole at that location. A
different input was therefore used (INPT = 5, NPUL = 10, QOPT = 1). The
input and output signals are shown In Fig. 4.i. The corresponding results
yielded by GRAM are as f ollows :

_0.50521s2_2.75286s_2.5146H3(S)
a 

3 2s +l.76398s +0.047 14s+0.02249

ESR — 5.275

A comparison of the Identif led poles to the true poles is given below.

11
3
(5) Poles Identified Poles

—0.00919 + jO.11378 —0.00982 + jO.11312

—0.00919 — j0.11378 —0.00982 — jO.ll312
—1.4057 —1.74435

This input signal contained sufficient energy around the radian
frequency 1.4 to excite the micro—mode just enough for identification
purposes. Figure 4b shows the reconstructed output comparing it to the
true output.

Experiment 4

This experiment demonstrates the importance of the choice of the
measurement filter pole(s). The measurement filter pole QSAV was varied
(QOPT — 0 to disable automatic filter pole selection) and its effect studied
on the identification algorithm. Each of the runs performed uses the options
INPT — 5, NPIJL — 10, IRZM — 1 and IDLY — 0 seeking a third order model.
Ten percent noise was added of the same manner as in Experiment 3.

The following results were obtained :

.

~

. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ . - 
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CO~HUF’1[L) INPUT FiND O UT PUT 
-

3 - .L.LL LI 1 u~ J_LL 1._LLLLLL-LLLIJ LJ LLLI_.LJ J ~LLLLLL IlL. L LJ_ - -

-
-

I 2 ~ r f 4~ i
l i t  i i

‘
~\ t ~~t :i i ;~~/~ 

~~~~~~ 4 ~ /
1 
\ 

I
- 

---- Input
--i s o -.

Output
-8 15 - . 

—

— LV O - b 1

- LL ~ 
~ 

-rn1~f~~rrn J—l~1 —T -1Yl vr1T T 1 ~~yr-1 rr 11TTT 111-TTfr r1J rrrr
U ~99 U.~~i6 ] ¶ t ~ 2 ~O 2.~~ 2 ~~ ~~ ~ .9? 4 4 9

(a)
TRUE R~ SrU~SLT VS RLCDNfl RUCTH) RUSPONSU

~ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~ I I ~~~ I ~ ~ L L_L L~LJ J L J J L  --

• 

— 
True Output

--7.50 - 
~~ /
‘k I Reconstructed
‘t\ I

T T T T J 1 T 1 t (  -rr-1rpr-r r 1 1 1 n r r r 1 1 1 1  r j -i—i i
0. 24 .9  ~~~~~~ J~ ~ ~~~ L2” . I~ U. 1?t ~. ? IQ. 22’.. ~~9

(b)

Figure 4. Experiment 3 — Third Order pitch

vs Stern—Plane Identification
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ESR
QSAV (Percent Error to Signal ratio RMS)

0.70

0.80 33.986

0.85 14.374

0.90 3.947

0.95 4.556

0.98 5.696

This example should make the user aware of the flexibility provided
to the test engineer by the measurement filter pole(s). The value of the
measurement filter pole should be such that each successive measurement
filter attenuates the input signal by a reasonable fraction; in particular
the output of the last measurement filter should not be an order of magnitude
lower in power than the iuput signal to the first measurement filter. More
information on the choice of measurement filters is available in reference [21.

Experiment 5

This final experiment demonstrates the detection of the dominant pole
pair. The input (INPT = 6 , NPTSL = 200) and output signals were masked with
10% rms noise (NSPW — NSPQ = (0.1)2) and the following option parameters
were used: QSAV = 0.95 IREN = 1, IDLY = 0. The input used (INPT = 6) is —

an exponentially decaying function whose time constant, and therefore the
cutoff of the power spectrum curve, is controlled by the value of NPIJL
(Time constant — NPUL * DELTA). Therefore to identify the slow poles
(—0.00919 ± jO.l1378) an input rich in radian frequencies around 0.114 is
desired. A vlue of NPUL 200 produces an adequate power spectrum. The
input and output signals are shown in Fig. 5a. The computer program
identified the second order mode as follows

— o.02308s+O.09245

s +O.0l904s+0.013l8

ESR = 2.641

A comparison of the identified poles and the true poles is given below.

~~~~ 
Poles Identified Poles

—0.00919+jO.11378 —0.00952+jO. 11439

—0.00919—jo .11378 —0.00952—jO.ll439

Figure Sb shows the reconstructed output comparing it to the true output.

The preceding experiments should help the user to better understand the
significance of the option variables (originally defined on pages 14—18). 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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CORRUPTUO INPUT flND Oh IPUT
3 oo - 

i-~~~~ i I I 1J• I LLJ W~~~L I~~
j
~i j~~~ ~~ . ~~~~j  - -

-i •—.

4, 0 0  - -

I -
-

-
: Input

. 00 5 -

~ 
_____ 

Output
-t 2 Q 

-
-

- 1 3 5 - - 
-

-(5 0 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

I i

0. 0 4~O 9 ~IW5 1.~~’J 2 . f l Q  2. ’~9 2.9~ 3 1 9  3 . 9Y 4 . 19 ~~99

(a) 
-

TRUL RESPON S E. VS t~LCt .)N~31 RUC lED RESPONSE
-‘s 1~~1 I I LJ i_iJ~ 1_ LJ J_Ll t I i ~~j . L1.j JJ j . JJ.~I~•L~1_ -

A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 

Reconstructed

: •
~~~~ F l  I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ m~~
T -

V 24.9 ~9.9 74.8 ~~~~ t2~. 1~0. 17~. 2~0, 22~ . 2~9.

- - (b)

Figure 5. Experimejot 5 — Detection of Dominant Complex Poles.
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Example 2

Flight tests on a towed--sonar vehicle (SMS2619——-- one—third scale model),
designed by the Naval Coastal Systems Laboratory , were conducted at the
Naval Ship Research and Development Center , Carderock , ?-~i. The test data were
recorded on magnetic taped at a sampling rate of 30Hz.  in this example the
results of two experiments are presented , one p .ctaining to pitch vs. stern—
plane deflection and the other pertaining to roll. vs. t udder deflection . In
both cases the data were p1 eprocessed by a 2~~ digital rili :er ~o substantially

remove an undesirable 3.3Hz osclllati n, ~uspected to La cause
1 by an artifact

in instrumentation. The data were then sampled at 5Hz (Nyqulst frequency = 2.5Hz
a 15.71 radian/sec) for use by the identification program .

For the pitch vs. ster~--plarie date a second or:ler (N=2) identification was
performed which yielded th~ model

O.784(s + 0.028)
112 

= 9(s)/
~~~
(s) = 

(s + 1.21)(s + 0.03)

The reconstructed output is shown in Fig. 6 together wi th  t h e  output  data
used for identification . itt is worth mentioning that hi gher order models were
also attempted , however, the additional poles found had insignificant energies
associated with them.

For the roll vs. rudder data the results of a sixth order (N = 6) identif i—
cation are presented . The model found is

—0.09682s5+l.0l434s4+0.l9137s3+0.04870s2+0.00l32s+O .000l3
116(

s)_ 
6 5 4 3 2s +0.67744s +0.64971s +0.l2743s +0.02647s +0.00078s+0.00007

= 
—0.35521 ± jO.79885 —0.00106 ± jO.00045 —0.01183 ± 0.01648
s+O.23747 ± .10.66789 + s+0.01006 ± 10.05316 

+ s+0.091l9 ± j .0.19015

The reconstructed output is shown in Fig. 7 together with the output data.
However, the energies associated with the last two pairs of poles are quite
small so that a second order identification would therefore seem desirable .
In our analysis of the SMS vehicle we also conducted mult i input—mult ioutput
identif ication , and such analysis showed that the lateral dynamics is essentially
governed by two pole—pairs,one pole pair reasonably observable in the roll data
and the other in yaw—rate data. The multiinput, multioutput version of GRAM
identifier is discussed in [9].

—33—
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~~~ V~ 1 F) 1’ I1I ~
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E~g. Identification of longttudIni~l dynamics of SMS2619vehicle; reconstruction of p i tch from identified oiodel.
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— Rol l data

- ——— Reconstruction from- 
model

EL-
I ~ J V

•-?5 ! - I 111 rrr~~t1.t I rr-J l IT- 1 rrrTfTi 1 III I I I
0 ii .? 2~ ~ I.,’ I ~~~ . ?  ~ Q ~ Y , .1  01.) i I3  i7~ t I P

FIg. 7. l t len t t l l r nt lo n  of ~n tc ra l d yn -i mi c li o( SPI S24~19 vcl.tc le;
rCcon Kt r uc t100  ~ f t o l l  (r oe Identif ied model.
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APPENDIX A

SUBROUTINE S USED IN PROGRAM

The following subroutines used by the GR.AN Identifier program are described
in the appendix.

BUILDA
BUILDZ
CONVOL
CORUPT
ERROR
FILLV
FINDQ
GRAMII
IZTOS
POLCON
PRCVEC
PRMAT
PRVEC
RESPON
SOLVE1
SOLVE2
SOLVE3
ZTOS

The subroutines DOBINV , PLOP8 and POLRT are not detailed . Their function is
indicated below and they can be substituted by standard routines from a scientific
package .

DOBINV Inversion of a square matrix

PLOP8 X—Y plotter (CALCc*IP) routine
The subroutines called by PLOP8 are also not discussed here

POLRT Computes the real and complex roots of a real polynomial

-Al-

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~-- - - - - -~~~~~~~~~~ -~~~~~~ —.~~~~~ -—- -~~~ ~----,~



— — — 
—— —-- —---- —

NCSL Th-204-77

SUBROUTINE : BUILD A
PURPOSE : CALCULATES THE TRANSFORMATION MATRIX TO CONV ERT SYNTHETIC

PARAMETER VECTOR TO THE DESIRED PARAMETER VECTOR

EQUATIONS : A
i~ 

= A
i~~~i 

— 
~~~~~ 

Ai;l,~i±l after 1st row and (fl+l)
th 

column

“A”s are generated by other means with i 2,3 , n+l;
j=a,n—l ,l

FLOW CHART:

START

FA(l. l)=l DI

I PROD=l.O

CALCULATE TOP ROW
AND THE (N-fl) COLUMN

CALCULATE REMAINING
ELEMENTS OF THE

1st Q~A~RANT OF THE
A ’ MATRIX

SECOND AND FOURTH
QUADRANTS OF “A” MATRIX

ARE SET TO ZERO

‘Ill

THIRD QUADRANT OF
“A” MATRIX=FIRS T

QUADRANT OF “A” MATRIX
(Z 1 Z~

22
~ )

pit
DOUBLE PRECISION

“A” MATRIX
(CALL PRNAT ) . -

~~~~~~~~ ~~ _ _ _  _ _ _ _ _ _



r ___ 
——-

~~~~~

-

~~~ 

NCSL TM-204-77

SUBROUTINE : BUILD A

DESCRIPTION: The “A” Matrix is formed in the following manner

1” o~
A - I

L O F
J

where each quadrant is an ~n+O x (n+1)square matrix.

This matrix embodies the relationship between the synthetic
coefficient vector XLAMDA derived from the GRAM matrix and the
true coefficient vector of the systems transfer function,
GAMMA. This relationship is dependent upon the values used
for the measurement filters. Multiplying XLAMDA by a matrix
of order 2(n+l) with I’ in the upper left and lower right
quadrants, yields GAMMA .

PROGRAM VARIABLES : A “A” MATRIX

DEL 
- 

MEASUREMENT FILTER NUMERATOR

MAXIMUM ROWS PERMISSIBLE

N ORDER OF SYSTEM

Q MEASUREMENT FILTER POLE(S)

-A3-

~

- -  --~~~~~~~~~~~~~~~~~ - - -~~~ -- --~~~~~ ---~~~~~~~~~~~~
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SUBRU U ~~I’1~ BUILDAIA,Q,flEL ,N,M4X)

~EAL *8 s t M A X , L )  ,Q(1hDEI(1) ,PROO
NP 1m N+~
MP P~P 2 r 4,’142
A(1,~tPi) 1.~~’)OOP~ 3D 1.~~D3l..
DO312K~~1,~I m ~1P 1~~~
P~ OD=PR~ D/ D E 1 L I )

312 4(K+1,~~Pt )zO.ODC!3
003 131m2, )~P1

J m N P l — K
313 * t 1 , J )~~(A f 1 ,J + 1 ) .Q lJ )*A t 1 1,J +1) )/DE L IJ )

D33141m1 ,IPI
033 14J~~1, IPL

I,J,~4P1 ) 0.30~0 
-

* ( f +N P1,J ) m0.OD~ 3
314 A I 1 + r , P 1 ,J + N P1 ) CA I I ,J )

W~ ITE~6,1DO5)1D. 5 ~3~ MA TI 1X , ’ A —M ~.T R 1 X ’ )
C4 LL P RMA T CA ,N PNP2 , NPNP2 ,MAX )

~ETIJRN
E~D

-A4-
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SUBROUTiNE: BUiLD Z

PURPOSE: CALCULATE NOISE CORRECTION MATRIX “Z”

EQUATION:
Z “k~l 

R~ (k)R~ (k)

FLOW CHART :
START

L~~1) — l .o I
CALCULATE R(2) ThROUGH R(N+l)

— if
F INITIALIZE c~ZP(t ,J)

Z(I ,J)

CALCULATE ZP(I ,J)

If
I CALCULATE Z

L Z(I ,J)=Z(I,J)+ZP(I ,J)

h f

TSET R(l)’O.O 1
OIf

I RECALCULATE R(2) THROUGH R(N+l)

_____________ 

I,
~~~ [K-MP1? 1

Yes

UPPER TRIANGULAR Z U1)_LOWER TRIANGULAR 
1

I,
CALCULATE VARIANCE OF INPUT AND OUTPUT

NOISE SEQUENCE

I
-A5-
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SUBROUTINE: BUILD Z

If

I ~~~~~~~~~~~~~~~~~ DEV. OUTPUT NOISE SEQUENCE) 
I

if 
_ _ _

_ _ _

I RHO O.O? 1Yes f z~~~~—o.oI z~
’2

~—o,o_

z~~
2
~ =z~~ ’~~*p*sIGw*SIGQ

~ 
(21) ...~ (12)

F
CALCULATE Z~~ ’~ FOR OUTPUT NOISE

S1GQZ -

DOUBLE PRECISION “Z”
(CALL PRMAT )

DESCRIPTION: This subroutine calculates the contribution of the noise to
the gram matrix resulting from the measurament filter output.
The total Z matrix is formed in four sections. The First
section (z(ll)) is generated through use of the GAMMA matrix.
The second , third and fourth sections deal in optimizing the
estimate of the noise correction matrix.

PROGRAM VARIABLES :

DEL MEASUREMENT FILTER NUMERATOR

ILEVIN VALUE IS EIThER 0 OR 1.
O GRAM TECHNIQUE IS PERFORMED
1 LEVEN TECHNIQU E IS PERFORMED

MAX DIMENSION SIZE

MP1 NO. OF DATA POINTS

N ORDER OF SYSTEM

-A6-
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SUBROUTINE: BUILD Z

Q MEASUREMENT FILTER POLE

R COEFFICIENT VECTOR

RHO EXPECTATION OF (W(K)*Q (K))

SIGQ STANDARD DEVIATION OP OUTPUT NOISE SEQUENCE

51GW STANDARD DEVIATION OF INP UT NOISE SEQUENC E

Z NOISE CORRECTION MATRIX

ZP WORKING ARRAY

-Al-
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- 
SUB ROuT I’~lE B~I ! LDZ I l ,ZP, R ,N,MP 1,S IGW .S !G Q ,RHO ,DEL,Q , MAX , I L c V !N )

SU6~ OUT !N~ FOR CALC U LA TING THE NOISE CORRECT I ON M A T R I X ,  Z ,
FOR GRAM ! A~ O G RA MI I

D IM EN SI D~ Z ( M A X , 1 ) , Z P ( M A X , 1 ) , R ( 1 )  ,O I 1 ) ,O E L ( 1 )
DDUBLE PREC IcION l,ZP,~~,OEL,Q,DCaN

~4P1~~Ns1
~P~~P2~~~+ 4 + 2
R ( 1) = l . ~ DCO
0312 I=1,~IR( ! + 1) R( I ) * f l E L I I )
! Ft l L Ev1M .EQ . 1) RU+1)= ~ .OD3O - -

12 CONTiNUE
OD1 I~~1,’~P1
D31J~ 1 ,NP1
ZP(!,J)~~3.OD~~

1
032 Kz1 ,M P1
033 I~ 1,NP1
033 J=L , I

- ZP( !,J)~~ZP (I,J) +R( I)*R IJ )
3 Z ( I , J ) = f l I ,j ) - l I P I I , J )

IF (ILEv IN.E Q .3)RI1 =r~.-:O0L

1Ff JLEVI~ .EQ.i )RfI+1 ) (1) - -

I F ( I L E V I Y I . E Q . 1 ) G O  TO 4
R ( I + L ) = R ( I + 1 ) * Q ( I ) + R ( I ) * O E L ( 1 )

4 CONTINUE
2 C3N T LN UE

0340! k ,N
IPXZI+ I
D34OJzIP1 ,MP~

4~ Zl1 ,J )= ZIJ, !1
SISQ~~ S!G0*S!GQ
S1r3w2=SI GW* S !Gw
035! 1,NP1
DO5Jz1,~~PI

5 Z fN PI+ I ,NP1+J ) Z ( I , J ) * S I G W 2
iF~ RHO I 6,7,6

7 0391=1, NP1
D38 i— I ,  NPI
l(1+~ P1,J ) O.ODO0

B lU,4P1+J)=D.3OC!~
GO TO 9

6 DQ11I~~1,~1P1
D311J~ 1 ,MP1
Z (I , ’1Pl+J)~~Z (I,J) *RHO*S !GW*S !GQ

11 Z(1 +~4P1 ,J) Z(I,f1 P~ 4J)
9 D31DIzt ,~1P1

D013J.1,’1PI
1~ Z lI ,J 1~~ZII ,J )*S IG Q2

W RITE( 6,1003)
1300 F3~ MAT ( lX , ’M’~I5~ CO RRECT ION MATRIX,  1’)

CA LL P R M 4 T ( Z , N P ~ P2,N PN P2,MA *~

*ETLIR~4
E’~0

-AS- 
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SUBROUTINE: CONVOL

PURPOSE: PERFORM CONVOLUTION OF UPULSE AND VORC

NPULSE
EQUATION: XORG — E VORG HPULSE

k+1-u* a

FLOW CHART : c) 
_ _

INRESP - 0? 
No 

~ CEN~~~TE HPULSE ACCORDING
I TO IMRESP OPTION

Yes (1, 2, 3, 4, 5)

XORG(K) — 0.0

KK — NPULSE I
ii 

_ _ _

K < NPULSE i Yes 
- K

No~~~

I J K K + 1 1 
1

I,
j~~ 

XORG(K) — XORG (K) + VORG (J) * HPULSE(I)
1 KX?

j Yes
No 

(K ”N P l? 
I

- - ~~~--——- --- - - -
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SUBROUTINE: CONVOL

DESCRIPTION: This subroutine determines the convolution (XORG(K)) of VORG(I)

and HPULSE (J). NPULSE is the length of the impulse response

and the variable IMRESP is the option used to specify the type

of impulse (HPULSE) response desired . Specifically when IMRESP

equals zero the impulse response is entered as data.

PROGRAM VARIABLES : HPULSE IMPULSE RESPONSE

IMRESP OPTION TO DESIGNATE TYP E OF HPULSE TO

BE GENERATED

MP1 NUMBER OF DATA POINTS

NPULSE NUMBER OF DATA POINTS OF IMPULSE RESPONSE

VORC CORRUPTED INPUT SEQUENCE

XORG CORRUPTED OUTPUT SEQUENCE
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SU8RQUTI’~E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C PERFO RMS CONVOLUTIU’~ OF HPU LS~ AND VO RG

X3~ G (K)= HPULS~~f1)z~V 3RLfX) + .... .HPULSEIKK )SVORG (K—KK+1),
WHE DE KK=MPULSE UP K ~HICHEVE~t SMALLER

DI MENSI3~1 HP(~L5~~(1),VORG( 1) ,XORG ( ~)
IF (ZMR~ SP.NE.~~)GO TO 2 :-

2 03 5 K~~1, MP1

k,(*~ PU L SE
IF(K.LT.VPULSE )KK K
D3 4 1= 1, K K  -

J K + l —l  -

4 X3~ GIK)= (DRG(K)+HPULSE (IP~VORG(J)
5 CO’~T (NU~

~O TO L3~ 320 GO TJ ( j O 1 , l~~2,103,1~~4 ,135 ) , IM RES P
101 03 21K =1,MPUISE -

21 N PJ LSE ( C ) l.~
- GO TCJ 2

132 03 22K=1,NPULSE
22 I4 PULS E( K ) =FL IA T IN PULSE+ 1—K )/ K PULS E

GO T O 2
103 0) 23X 1,MPULSt
23 HPUL S E( K ) COS ( l .57 ?7 9o * FLD ~ TfN PUL S E+1—X ) /NPIJLSE)

G3 T0 2
134 03 24K ~~1,NPUL SE
24 HP U L S E (X ) EX ~~( 8.3* FL OA T ( K* K 2* K+t )/ ( M PULS E* ’~IPULS E) I

GO TCI 2
135 DO 25K~~1,NPU1SE
25 HPUL SE(<l z E* P (~~4 .0* FLOA T 1K~ 1)/ NPULS E)

GO TO 2
1333 RETURN

E’~1D 

-

- 

- 

-All-

~
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~

- ~~ - - - - —~~~~~~~~~ -—- -  - - -~~~~~~~~~



~~~-- - --—-- ~~~~-

— NCSL Th-204-77
SUBROUTINE: CORUPT

EQUATION : See attached sheet
FLOW CHART:

CALCULATE VARIANCES OF INPUT (V (K) ) AND

OUTPUT (X(K) ) SEQUENCES SUNV2 AND SUMX2

RESPECTIVELY

‘iF 
_____

_______________

[SUMV2 = 0.0? IYes 
4 

SUMV2 = 1.0

SUMX2 = 0.0? 1Yes 
~ SUMX 2 = 1.0

CALCULATE SIGW
AND SIGQ

GENERAT E NORMAL DEVIATE WK
~ INPUT ) ,QK (OUTPUT) (CALL NORM)

~1= %J}( * SIGW
QK = QK * SIGQ

I,

CALCULATE SUMQ2,SUN W2 , AVGW and AVGQ

V (K)=V(K) + WK
X(K)-X(K) + QK

No
K ~ MP1?

J, Yes
AVGW = AVGW/XNP1 AVGQ = AVGQ/)~4P1
SUNW2 = SUNW2/XNP 1 SUNQ2 = SUMQ2/XNP 1

‘II,

CALCULAT E EREX , ER13]~~

-A12-
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SUBROUTINE: CORUPT

EQUATION : AVGW X f l  E WK Sample mean of input noise seq.
k—i

MP1
AVGQ = E QK Sample mean of output noise seq.

k—i

1 MEl 2SUMQ2 = ~ QK Sample mean of power of output noise
— k=l

NP 1
SUMW2 = ~ ~~2 Sample mean power of input noise

k=1

1 MP1
SUMX2 Z X(k) 2 Sample mean power of output seq.

k=1

MP1
SUMV2 XMfl L V(k) 2 Sample mean power of input seq.

k-i

SUBROUTINE: CORtJP T

DESCRIPTION : This subroutine calculates the standard deviation of Input

(SIGW) noise sequence and Output(SIGQ) noise sequence. The

values of the mean power of input and output noise along with

the mean power of input and output sequence are also calculated

in this subroutine. The final calculation is of the noise to

signal power ratio of both input and output.

PROGRAM VARIABLES : MP1 NUMBER OF DATA POINT S

SIGQ STANDARD DEVIATION OF THE OUTPUT NOISE

SEQUENCE Q (k) 
-

SIGW STANDARD DEVIATION OF THE INPUT NOISE

SEQUENCE W(k)

V CORRUPTED INPUT SEQUENCE

X CORRUPTED OUTPUT SEQUENCE

—A13—
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SUBROUTINE Ct’RUPT X ,V,SIG Q,SIGW,MPI)
OI MENSIO-1 ((1 ),V (t)
REAL *B SUMV2 ,SUM*2,SUMQ2,SUMW2 ,AVGQ,AVG~

IX IN I T I A L I Z E S  U N I F U RM  RA N DOM NU MB ER GEN E RATOR U B M  SUBROUT INE RANO U J
RAND U IS !AL LED BY SUB I~OUTINE NORM WH ICH GE N E R A TE S  N ORMAL DEVIATES

C I N ITIATE ‘HE RANDOM SEQUeNCE GENERATOR
1X A 554
XMPI Mi’l
Su Mx ~ = .~.-’DUr~
SJMV~~ 3.DDO3
D33~ K— 1., MP1
SJ MX2 ~ S J M X 2 s X ( K ) * X ( K )  -

$JMV2 SJMV2 +V IK )SV(K )
39 C3 N T I ~4UE

SUMV2=SUMV2/~ MP1
SUMX?r~ UMX2/XMP1
iF (SUMV2 .EQ.~~.C.DO)SUMV2=1.OD0
!F (SUM X2.EQ.~~.UD0)SU MX~ =1.ODO

FOR INPUT=3, S I GW AND SIGQ BECOME ST O. 0EV .  CF NOISE
C

SI~~W=OSQRT(SIiMV2 *SIGW)
SI~~O~ OS~ RT (SUMX2*SIGQ)
W R I TE (6,697)SIGQ ,SZGW

897 F3RM ~ T I // 3OX, ’SIGQ ~~’,G17.1O,5X, ’SIGW = ’ ,G17.13, //)
SUM02 1.1. 000C
SUMW2~~~. 0030
4V0Q 0.0030
AVG W= 3. 0000
0340K=1 , MP1
CA LL NOR M (WK ,IX)
C A L L  .N J~~P4 (QK ,IX)
WK WK*SIGW
QK=QK *SISQ -

SJMQ2=SJMQ2+QK*QK
SUMW2=SUMW2+WK*WK
AV~ W AV t W+WK
AV GQ = A V G Q + Q K
VfX )=V (k)+WK

43 X IK)=X(K)+QK
AVG W AVGW/ XM~ 1AV~ Q=AVG Q/XM0~
SJM~42 SUMW2I~ HP1
5JM Q 2~ SJMO2 /YMP1
E X=DSQRT(SUMQ2/SUMX2)*1 .’’.0
E V = D S Q P T 1 S ( , M w 2 / S U M V 2 ~ *1~~’ .C~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1031 FDRMAT (///,21X, ’SA MPLE MEA~I OF OUTPUT NOISE SEQUENCE = ‘ ,E11.4,/
1,23X ,’SAM PLE MEAN UF i~~PU~ NOISE SE QUENCE = ‘ ,E11.4 ,/ , 2 )X ,
2 ’SAM PLE M~~A’ 1 P3p ~ER OF OUTPUT NOISE = ‘ , E 1 l .4 ,/ , Z J X ,
3’ SA M PLE MEAN POwER OF IN PUT NO I SE ~ ‘ ,E11.4,/ ,23X ,
4’ SA M PL E MEA N POWER OF OUTPUT SEQUENCE = ‘ ,E11.4 , / , 20X ,

S’SA MPL€ MEA N POWE R OF INPUT SEQUENCE = ‘ ,E11.4,~~,2 0 X ,
S’1~~3.O T I M E S  THE SQUAR E ROOT OF THE NOISE TO SIGNAL POWER RATIO OF
7 THE OUTPUT = • ,F7 .3, / , 2 C X ,
e’t~~3.3 TI MES THE SQUAR ~ ROOT OF THE NOISE TO SIGNAL POWER RATIO OF
9 TH E INPUT ‘ ,F7 .3 )

RETURN

.

-Al4-
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SUBROUTINE : ERROR
PURPOSE : CALCULATE PERCENT MEAN POWER ERROR IN RECONSTRUCTION AND

PERCENT OF SQUARE ROOT OF P OWER ERROR IN RECONSTRUCTION .

EQUATIONS: AVOW — E [ O~P R G ( I )-X R EC ( I ) )  ~2 *

AVGQ — YAV~w * 100

FLOW CHART : c)
CONSTRUCT XRE C
(CALL RESPON)

— 

_

Ls1~w2_zxoRG 1 2

CALCULATE DRy . OF RECONSTRUCTION FROM
SIGNALJ AVGQ XORG(I) - XREC(I)

‘IL,

[
A V G W _ E A V G Q2 

~

No2:~~~

CALCULATE % POWER ERROR OF
~EC0NSTRUCTION, AND % OF
3QUAR.E ROOT OF POWER ERROR
(N RECONSTRUCTION

—AlS—

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ - - i_ __ 
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SUBROUTINE: ERROR

DESCRIPTION: The subroutine ERROR calculates the Output sequence from the

Input sequence and the GAMMA Matrix. The sequence called

XREC is compared to XORG, the original output sequer’ce. The

sequence XREC is generated in the subroutine RESPON. The

comparison of XREC to XORG consists of calculating the

percent mean power error and the percent of square root of

power error.

PROGRAM VARIABLES : FDBACK VARIABLE TO PROVIDE FEEDBAC K IF DESIRED

GAMMA MEASURi~4ENT VECTOR

IDLY DELAY INTRODUCED IN INPUT NUMERATOR

MEl NUMBER OF DATA POINTS

N ORD ER OF SYSTEM

V CORRUPTED INPUT SEQUENCE

XLANDA WORMING ARRAY

XREC RECONSTRUCTED OUTPUT SEQUENCE

—A16—
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SJB ROUTINE ER RORIXR EC,V ,G& MM A, MP 1,N ,* L AM DA ,XDRG , F DBAC K , I DLY )
DIMENSIO N X R C C II ),V I1 ) , XO RG (1)
DI MENS ION VVV I2fl )
REAL*B GAMMA (1) ,XL~ MDA(1 ).AVGW ,SUMV2,AVGO
INTEGER FOB A CK
CALL R ES PONI X R EC,V ,N , GAM MA ,X LAMDA, MP I,FDBACK )

SU MV2 X O .O DC I
03261=1, MPL
SUMV ZZSJMV 2+ XORG (I)*XORG( I)
AVG QZ X DRG I  I ) — X R E C I I )

26 AVG W AV GW+ A V G Q* AV GQ
AVG W Z A V GW/ SUMV2
AV G Q DSQRT (A VG W ) —

A VGQ 103. D*AV GQ
AV
~
W z1O3 .0*AV GW

W RI TE (6,27)AVGW, AV GQ - - -

27 F3RM AT IIX, IP rR CENT ME AN POWER ERROR OF RECD’I STRUCT ION ’,F 8.3,///,
1LX , PER CENT OP SQUARE ROOT O~ PO WER ERROR IN RECOSTRUCT ION’ ,F8.3)

RETURN
END -

.

-

~~~~~~~~~~~~~~~~~~
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SUBROUTINE : FILLV

PU RPOSE: GENE RATION OF DISCRETE POINT S FOR A VARI ETY OF WAVEFO RMS
(For the correspondance of the waveshapes and input parameter
INPT see page )

FLOW CHART :

IF 11< INP~ < 20
ISHIFT = 1

- 
INP T~I~ P1~~~~_J

GO TO (1,2 ,3,4 ,5,6 , 7 ,8,9 ,10,11,12,13) INPUT]~~~
~ 1

- _]---
~~~~~~~~~~~~~~~

.

3) DOUBLET
PERIOD = NPUL

5) SQUARE WAVE TO
EXPONENTIAL DECAY

~~~ PERIOD = NPUL
TINE CONSTANT=NPUL

6) DECAYING EXPON-
ENTIAL -)

TIME CONSTANT=NPUL

7) PERIODIC IMPULSE
PERIO D ~ NPUL

-A18-
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SUBROUTINE : FILLV

8) TRiANGULAR WAVE
PERIOD = NPUL

9) DECAYING EXP + 1
DAMPED SINU SOID
-r = NPUL

2 
= 2*NPUL,

PERIOD 1.9l*NPUL

I ll), 12), 13)INDEPENjE
~~~~~ 

RANDOM NOISE

I 
GENERATORS

IF ISHIFT 1
WAVEFORM SHIFf S NPUL T
ThE RIGHT AND ZERO
REPLACES FIRST NPUL
POINTS

DESCRIPTION: This subroutine builds an array of NPT points defined by the
choosen wave form and parameter (NPUL) of that waveform. It
is useful in approximating input signals for excitation of
control system.

PROGR AM VARIABLES : INPUT DESIRED WAVEFORM OPTION

NPT NUMBER OF DATA POINTS

NPUL WAVEFORM PARAMETER

V GENERATED OUTPUT SEQUENCE

—A19—
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SUBROUTINE: FILLV

1) UNIT PULSE

2) UNIT STEP

iJ 
_______________

3) DOUBLET
WIDTH = NPUL 1 

h_i

4) SQUARE WAVE I ”—.l NPUL
PE RIOD=NPUL 1 I_L1_ld_U

5)  SQUARE WAVE TO NPUL
EXPONENT IAL DECAY 1
PERIOD = NPUL
TIME CONSTANT=NPUL

6) EXPONENTIAL
TIME CONSTANT=NPUL

7) PERIODIC IMPULSE 
~~~~~~ NPUL

PERIOD=NPUL j t t t I

II .
~8) TRIANGULAR WAVE

PERIOD=NP UL 
i. 

________________

9) DECAYING EXP +
DAMPED SINUSOID -

= NPUL
(r2 — 2*NPUL, Period = 1. 91*N PUL )

-A20-
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SUBROUTINE FT LLV (V ,MPT. IU P UT , N PUL )
C FILLS THE AR RAY FOP . I NPUT ACCORDING TO iNPUT OPTION DESIGNATED

DIMENSIO N VII )
GO TO (1,2,3, 4,5,6,7,8,9.1~~),INPUT

I VI1 )=1.~) - IM PULSE
DO 101 1 2,N0T

101 V ( ! ) = 3 . 3
GD TO 999

2 03 102 1-1,NP T STEP
102 V (I)a1.)

G0 T0 999 -

3 DO 103 1—1,M PT DOUBLET 
—

V I I~~.3.O -

IF (I.LT.N PUL/2)V ~ flr1 .
IPII .GE.NPUL .A ND.1.LT. NPUL ) V I I ) = — t . D

103 CONTI N UE
GO TO 999

4 03 104 I=1,NPT SQ WAVE

- TPUL I/N PUL -

ZF (I—TPUL *N P (JL.GE.NPUL/2) V( I)—— 3 .O
104 CONTINUE

G D T 0 999
S 

- 5 03 105 1 1,NPT SQ—EXP
V (I)=1.3 -

~F (I.Gë.MPUL~ 2.AND.I.LT.NPUL) V (II=— 1.0
IFII.&E .(1.5)SPIPUL .ANO.1 .LT.2*NPUL) V( I)—-1 .0
ARG1= 2.5— FLD AT ( 1)/FLOAT INPUL )
IF( I .GE.12.5I* NPUL I v~~Z ) EXP(4RG1 )

105 CONTINUE -

G0 TO 999
6 DO 1~)6 I 1,NPT . 

- UP
ARG 2==FL QAT II)/FLOA TINPUL )

106 V (I)zEXP(ARG2 I
03 T0 999

7 00 107 I 1,N~ T PRO INPI.
107 V (I) 0.0 -

P4 .NPT/NPUL
v(1 —1.3
0) 1071 J 1,N - -

1 J *N PUL
1371 V (Ual.)

• G0 T0 999
0 03 138 I=1,N~ T TM WAVE

TP-JL I~ N P UL - -
S

ITPUL2T PUL
V~ 1) ’ (2 . * F L OA T I J ) / F L OA T ( N P U L ) 2. *TPUL ) ( 1.O)” ITPUL
IF( I—TPU L* NPUL .GE.MPUL/2) V ( I ) . 2* ( I ,TPUL —FLOS T I I ) /FLOAT INPU U)* I—1

1.3)**ETPUL
108 CONTINUE

03 T0 999
9 DO 109 !*1,NPT . E*P+OSC

ARG 3 — FLOA T ( I )IFLOAI I NPUL )
ARG4 s— .SSFLOAT( 1)/FLOATIN PUL I
4R05.3.296*FLOATL 1)/FLOAT INPUL )

-A21—
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109 V I I ) ~~E ( P ( A R G 1 ) , E K P ( A R G 4 I * S l N I A M G 5 )
~) TO ~~~10 I 6~~~ 27213 RANDOM
03 11 . O I = t , N PT

00 11 01 K 1 , ’2
IY I X* b 5 5 3 9
I FtIY )tl’2 ,U-~3I11 3

11~~2 IY=I Y 4~~t47491647G1
11~~3 YFL IY  -

YF L=Y FL* .465’S61 3E—9
1’( = IV
A = 4 + ’ vFI.

1101 )NT I ’ -IUE
V I I  ) = A — S . O

1Ij CONTINUE

999 ONT INUE -

R E T U RN
E ND
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SUBROUTINE : FIND Q

PURPOSE: CALCULATES MEASUREMENT FILTER POLE (Q) AND NUMERATOR (DEL).

EQUATION : H (Z) DEL
l-QZ

FLOW CHART :

INITIALIZE 4 SUM 1
2SUM = SUM + E (X(k))

(QS — (QBI1SMAL)/2.O ]

I Q(L)= QS I

I DEL 1.O — QS I
lIP

[ CALCULATE PT 
________ _________

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
QBIG = QS I

POW — PT/(lOO*SUN) 1

_

es

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

yes
No L — N? 

~ 
QSMAL = QS 

- 
j—__

Yes

—A23—
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SUBROUTINE : FINDQ

DESCRIPTION : FINDQ determines the nnasurement filter pole and numerator.

The subroutine uses an iterative process of calculating DEL

and Q. The iteration is satisfied when the variable POW is 
- -

within ± .5% TEM.

PROGRAM VARIABLES : DEL NUMERATOR OF 1st ORDER MEASUREMENT

DIGITAL FILTER

NFl NUMBER OF DATA POINTS

N ORDER OF MODEL

Q MEASUREMENT FILTER POLE

Xl COEFFICIENT VECTOR (same as Gamma)

—A24—
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SU B ROUTI NE FT N D Q ( Q , O E L ,X 1 ,X , MPI,N)
DIM EN SION *11 )
REAL *8 Q(1),flEL II ) ,TEM ,POW ,PT,QS,QBIG ,QSMA L,XIU),SUM
SUM 0.~ Dr)
DO6~ 7Ks1,MP1 -

667 SUM aSUM+~~lK)**2 -

NPI N ,L
DOIL=1 ,N
LPl~ L+1
TEM a~ D).ODO/DFLOAT INP1)*DFLOATINP1 L)
0BIG 1.~’DD
QSMAL~~’.3D0

100 QS .(QB i~~+QSP4AL)/2.0DO
0(1.1=05
DEL (L ) 1.000 QS
PT O,000
0041a1,L PF

4 X 1 I I )— 3 . ” DO
D03k=1 ,MPl -

Xl( 11 ill K)
035I=1,L

5 ~14I ,1)sflI1#1 )*O(I)+*1(1)*DELII)
3 PTZPT ,JC1(LP1)SX IILP1)

P3WaPT/SUM*1’~0.3DO
IF(pO~.LE.L. 5O04rrEM.AqO.pOw.GE.TEM*O.q9500)5O TO 1
IF (POW .GT .TE M)GO TO 6
QBIG-QS
GO T~ 100

A Q5MAL .QS
00 73 103 - 

S

CON TINUE
R ETURN
END - 

- 
- 

—

S - -

_________________
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SUBROUTINE: GRANI I

PURPOSE: P ERFORMS GRAM tI TECHNIQUE WHICH YIELD S THE GRAM MATRIX (G) ,
NOISE CORRECTION MATRIX (z) AND THE COEFFICIENT MATRIX (GAMMA) .

EQUATION : NP 1
Gi. = GANMA

1
(k)*GAMMA .(k)

~ k=l

= A1.A .

FLOW CHART: (
~EI)

IF IREM=O JOPT = 0

~O JOPT=1

.1~SET IOP T = O  IF SIWW AND SIQQ I~~O
= 1  IF SIWW O
= 2 IF SIQQ = 0; SIWW # 0

QOPT = 0 FIND Q (CALL FINDQ)
~ 0 Q (I) = ~SAV

DEL (I) = 1—q(I )

CONFUTE RMS OF CORRUPTED INPUT AND OUTPUT

COMPUTE RATIO OF ENS OF NOISE TO
RNS CORRUPTED SIGNAL

IF (SIWW=0 AND SIQQ=0) SIGQ = 1.0

INITIALIZE ~
G, GAN~ GAMMA

J, A

I CALCULATE AND PRI NT
GRAM (G ) MATRIX (See flow char t on page )

U CALCULATE NOISE CORRECTION MATRIX “Z”

I (CALL BUILDZ)

1

-A26-
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SUBROUTINE : GRSAMII 
NCSL TM-204-77

JOPT=O.O? 
Yes

No

ILEVIN~’l.0? FOR LEVIN TECHNIQUE

N 
REMOVAL OCCURS FROM

° THE OUTSTIDE OF GRAM

FOR GRANMIAN TECHNIQUE 
MATRIX

REMOVAL OCCURS FROM ThE
INSIDE OF GRAM MATRIX

NP NP2 =NPN P2—1

NOISE ON INPUT AND OUTPUT? 
Yes CALCULATE

No EIGENVECTOR

Y ~ 
(CALL SOLVE2)

NOISE ON OUTPUT ONLY ? —

No ECALCULATE XMEAN
NOISE ON INPUT ONLY? I NR=NR-l

INTERCHANGE LAST TWO
COLUMN S AND ROWS IN I 

CALCULATE
GRAM MATRIX ~I EIGENVECTOR

(CALL SOLVE2)

CALCULATE EIGENVECTOR 
CALCULATE XMEAN

(CALL SOLVE3) 
NR-NR-1

XMEAN XLANDA (NP 2)
XLANDA (NP1+I ) =XLAMDA (NP2+I)

JOPT ~~~O .O? Yes

ILEVIN = 0 XLAMDA (NP1+I) = 0.0
= 1. XLAMDA (I) = 0.0

GAMMA (I) =XLAMDA (I)

ILEVIN 1.O?

No

GENERATE A MATRIX 
S

CALL BUILDA

RESET GANMA(I) 0

—A27— c
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c

GENERATE THE COEFFICIENT
VECTOR GAMMA

CALCULATE BIAS VALU E XNEAN

NORMALIZE COEFFICIl~ T VECTOR GAMMA
GAMMA (I) =GANMA (I) / GAMMA (1)

GAMMA(1)=1 .0

- 

~~ 
No GAMMA(I+IDLY)=GAMMA (I)IDLY-O . 

GAMMA(I+NP 1)=O.O

Yes
CALCULATE EQUIVALENT

CONTINUOUS DESCRIPTION
(CALL IZTOS )

SUBROUTINE: GRAMII

PROGRAM VARIABLES :

DELTA SAMPLING INTERVAL

GAMMA MEASUREMENT VECTOR

C G MATRIX

IDLY DELAY INTRODUCTED ON INPUT NUMERATOR
ILEVIN VALUE IS EITHER 0 OR 1. 0 GRAM

TECHNIQUE IS PERFORMED . 1 LEVIN
TECHNIQUE PERFORMED.

IZTS SEE SUBROUTINE ZTOS

MAX DIMENSION SIZE OF 2 DIN ARRAYS IN
THE DIMENSION STATEMENT.

N ORDER OF SYSTEM

QOPT MEASUREMENT FILTER OPTION . QOPT=l Q(I)
GENERATED IN FINDQ QOPT=0 Q(I) QSAV

QSAV MEASUREMENT FILTER POLE

RHO EXPECTATION OF (W(K ) *Q (K) )

SIQQ STANDARD DEVIATION OF OUTPUT NOISE SEQUENCE 
S

SIWW STAND ARD DEVIATION OF INPUT NOISE SEQUENCE
—A28-.

— S-——--—-—-—--- - -— S— - -- _~5_~_~~~~~~ 5 . - 
~j l4— - -S ~~~~~~~~~~~~ — - — -~~~ - 5,— -S



— — ~~~~~~~~~~~~~~~~~~~~~ ,

N CSL TN- 204-77

SUBROUTINE : GRANII

PROGRAM VARIABLES CONT I NUED :

V CORRUPTED INPUT SEQUENCE

X CORRUPTED OUTPUT SEQUEN CE

XLANDA EIGENVECTOR

Z NOISE CORRECTION MATRIX

-A29-
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SUBROUTINE: GRANII

CALCULATION OF GRAM MATRIX “G”

I ILEVIN= l.O? 
Yes

~L. _________________________________

IF K—IDLY<O.O GANMA(NP2) = 0.0 GAN (l)=. . . .= GAN(NP2)=l .O

>0 0GANMA (~P2) = V(K—IDLY)/FAC IF(K—IDLY—I <O) GANMA(I)=0.O

GAMMA (1) = X(K) / FAC J~.
GANMA(l)=X(K+l—I)/FAC

GENERATE GAM(I) BY PASSING GAMMA(I+NP1)=V(K+l—IDLY—I)/FAC

UNIT STEP THROUGH MEAS. FILTERS

CALCULATE REMAINDER OF GAMMA
VECTOR VIA MEASUREMENT FILTERS

I , (

[ GANMA(NPNP3)=GAM(NP1) I
‘Pt’

CALCULATE GRAM (C) MATRIX

S 
G(i ,j )=GAIIMA(i)*GAMMA(j)

I ‘IfNo I K=MP1?

P
it,

I G=GT I

(continue)
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SUBROUTINE GRAMII (X,V ,M PI,SI QQ,Sl~ W ,RH0,N .DELTA ,QSAV .QOPT ,XREM ,
IIZTS ,GA MMA ,X LAM DA ,G ,Z,MAX, ILEV IN ,IDL Y ,INO RM )

C
C THIS SU6ROUT!NE PERFOR MS THE GRAP II TECHN IQUE
C

DIMENSION X (t),V (1) ,G1P !AX ,1),Z(MAX, 1),GA PMA (1),X LA MOA (11 ,C(20),
IOEL (ZO J -

DOUBI E PRECISION G ,Z ,GAMMA ,XLAMOA ,DELTA ,OEL ,PR QO,Q ,QSAV
INTEGER QOPT
REAL*8 XMEAN,GAM( 25) ,FAC
REAL*8 S,F,St,52 ,V ARQ ,VARW ,GI
COMMON /MATRI X/ S (20,20),f(20,20 ),G1(20,20),Sj(1G,1O) .S2(10.10)
MAX2=N 4X12
W RITE (6 , 1000)

1000 F QRI4AT (1H1,2flX ,’THE GRAM II TECHN IQUE’) S

C JOPT Q IF DIRECT TAAN SMJ SS ICN IS ASSUMME D
JOPTZO

C JOPT = 1 IF NO DIRECT TRANSMISSION IS ASSUMMED
LF (IREM.NE.O)JOPT— Z

C
C (OPT * 0 NOISE ON BOT H INPUT AND OUTPUT IS ASSUM ED
C (OPT I NOISE ON OUTPUT ONLY IS ASSUMED
C (OPT — 2 NOISE ON INPUT ONLY IS ASSUMED
C

10PT 0 -
IF (SIWW .EQ.O .O)IOPT—1

- IFISIQQ .EQ.0.0.AND.SIWW.NE.O .O) 10PT 2
C

S C DEL IS THE NUMERATO R OF THE KNOWN FIRST ORDER OIG ITAL FILTERS
IF (QOPT .NE.0I GO TO 21
00191 1,N
DEL (I) 1,0DOI~— 0SAV -

19 Q (I)QSAV
- G0 T0 22

21 CALL FINO Q(Q ,OEL ,GAMMA ,X,~~~1,N)
22 CONTINUE

WR(TE( 6,20201
2020 FOR MAT (30X ,’Q PARAMETERS ’ )

CALL PR VEC (Q ,N )
NP1 P4.1
NPZ N+2
NPNP2*N4N +2
NR NPI—IREM
NPIP!R NP1 +IREM
VA R W-D.0
VAR QaO .D
003001 1,MPI
VARW- VA R W .V ( I )*~ ( I)

300 VA RO VARO ,*U)*X (I)
VA R Q—DSQRT IVARQ /MP I(
VAR W D S QRT I VA RW /M P I )
SIG Q S I  00/VAR 0
SIGW SIW W /VA RW
(Fl SIWW.EQ .0.O .AND .SIQQ.EQ .0.0I 5100—1.0
NPNP2 NPNP2 .t -

—AM—
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NR~~NR. t
0010 I 1,NPNP2
GAM ( I)=O.000
GA HMA( I )-O.0000
OO IOJ= I ,NPNP2

10 GII ,J)=O. 0 00CI
GA M( 1)~~1.ODO

C
C CALCULATING THE G M A T R I X

DO5OK= L,MP I

I F ( I L E V I N . E Q . 1) G O  TO 31
IF ( K— IDLY)2 5 ,25 ,24

25 GAMM A INP2 ) 0.0000
GO TO 26

24 FAC 1.O
IFI INORM.E Q .1)FAC—VA RW
GAM MA(NP2 ) V 1 K— IOLY )/FAC
FA C= 1 .O
IF ( I N O R M .EQ .1 ) FAC — VARQ
GAMMA( 1)—X(K)/FAC

26 CONTINUE
00301- 1,N
GAM I I+ 1)=GAM ( (+j )* Q (  I ).GAM( I )*DEL( I)
GAM MA ( 1.1) =G AMM A ( I )* DE L (  I)  ,GA MMA ( 1+11*01 I)

30 GA UMA(I ,N P2)=GA M MA(I+ NP 1 )*OELU ) .GAMP4A (I+NP2 )*QII)
G0 T0 35 S

31 CONTINUE
00 32 I 1,NPI
GAH (I+ 1)=GAM(I)
IF (K— IDLV—1. LT.O ) GAMM AI I )xO.0000
IF(K—IDLY—I .LT.O~ GA M MA I I+NP 1) 0.0000
IF(K— IDLY— I.LT.0 1 GO TO 32
FAC=1.O
(Ft INOR M.EQ .1)FAC—VARQ
G4MMAt1 )=X(K+ 1~~I )IFAC
FAC= 1.0
(Ft INORM .EQ .l )FAC =VARW
G A M M A (  I .NP I)—V IK+ l— IDLV— I )/FAC

32 CONTINUE
35 CONTINUE

GAM I’AI NPNP2 )=GAM INPI )
0040 I 1,NPNP2
DO4OJ= I ,NPNP2

40 GII, J )= C(I, J )4GAMM A(I)* GA PMA( J )
50 C O N T I N U E

DO6OI=2,NPNP2
K I— 1
DO6OJ~ 1,K

60 G (f,J)= G (J,II
WR IT E(6 , 1002 )  -

100 2 F O RM A T (2 0 X , ’THE G MATR I X ’ )
CALL PRMAT (G ,NPN P2 ,NPNP2 ,MAXI

C
C CALCULATING THE NOISE CORRECTION M A TRI X 2 BY SU 8ROU TINE BU ILDZ

CALL BtJI LOZ (Z,S ,GAMMA ,N,MP 1,SIGbd ,SIGC,R I1O ,DEL,Q ,MAX, ILEV IN)
IF (JO PT )70,90,70

70 CONTINUE
IF (ILEVIN .E Q.1)G0 TO 81
0080J 1 ,N PN P2

00801— L,NR

ZINP I +I ,J )=Z (NPIPIRGI, J)
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SO G (NPI•t ,J)—GINPLP!R.hJ)
NPNP2— P4 PNP2—IR EM
ooa si—i ,NPNP2
00851 1,NR
Z (J,NP1.f )zZIJ ,NP (PIR+()

85 G (J,NPI.I)-GIJ ,NP1P (R+ I)
GO TO 9O

81 DO 82 J 1 ,NPNP2
Z(NP1+NR .1,JI—G (NPNP2 ,J)

82 GLNP I +NR+1, JI—G (NPN P2 ,J)
NPN P2 N PN P2— 1 REM
D0831 1 ,f4PNP2
i(1 ,NP I+NR+1)—L (I,NP 1+NP1+1 )

83 G (I,NP1.NR+1)—GII ,NP1+NP 1+1)
CAL L PRMA T(G ,NPNP2 ,NPNP2 ,MAX)

90 NPNP2-NPNP2—1
(Fl IOPT-1)617,605,618

C 
S

C NOISE ON BOTH INPUT AND OUTPUT
617 CALL SOLVE2 (Z,G ,GAMNA,K LAP’DA ,NPNP2, 1, MA X )

XMEAN XLAMD A I NPNP2+1)
NR NR— 1
G0 10 6C6 S - -

C
C NOISE ON OUTPUT ONLY
605 - CALL SOLVE2U,G ,GAMNA ,XLAMDA,NP 1,NR ,MAX )

XM EAN XLAMO A (NPNP2 .1)
NR NR—1
GO TO 606

S C
S C NOISE ON INPUT ONLY

618 NPP NPNP2+1
NR NR I
D05501—1,NPP

550 GAMMA t I 1G (  I,NPP )
DOS5IJ—1 ,NR
JJ NR J+1
D05511—1 ,NPP - -

551 G (I,NP2.JJ~~ GlI ,NP 1+JJ)
D05521—L ,NPP S 

S

552 G(I,NP2 )— GANMA II)
DOS 53 1— 1, NPP

553 GAMMA( t)*G (NPP ,!) -

005541—1,NR
II NR— f +1
00554J—1 ,NPP

554 G (NP2+II ,J) G (NPI+U ,J) • —

005551 1,NPP
555 GINP2 ,I)*GAM MA( I)

CALL SOLVE3 (2 ,G,GAMMA, XL A MDA ,NP2 ,NR,MAX)
XME AP4 *LAMDA INP 2 )
D05561 1,NR

556 XLAMD A (NP 1 ,fl—XLAMDA (NP2 +I)
606 IF (JOPT)120.13C ,12V) 

S

120 NPNP2 NPNP2 4 IREM
IF (ILEV IN.EQ.1)G0 TO 124
D01221 1,NR

122 XLAMOA I N PNP2— 1 +I) XLAMO A I NP2+NR I)
00123 (1, (REM

123 XLAMOA (NP1*11 0.0000
GO TO I3O -

- -A33-



- --  - S ~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ -
~~~~

—
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—- - ------

NCSL TM-204-77

124 NM3MIR NPNP2 ,l—LREM
001251=NN3M(R ,NPNP2

125 XL A M OA tI)a O .A000
130 CONTINUE

FA C~ i.O
(Ft I NORM. EQ ,t )FAC— VA R Q/VA RW
OO3O1I=NP2,N~ NP2

301 XLAM D A ( I F XL A M O A ( I 3 * F A C
WR IT EI6 ,1001 )

1001 FORP-I 4T( LOX ,’TI1E SYNTHETIC COEFFICIENT VECTOR , XLAMO A , IS’)
CALL PRV EC (XI A M OA ,NPNP2I
DO 150 I~~1,N PN P2

150 GA M M A (I )— X L A M D A I I )
(Ft ILEvIN.EQ. 1)GO TO 165

C
C GENE RATING GAMMA FROM X LAMD A

CALL BUILD A(S ,Q ,OEI.,N,YA X )
DO 160 1= 1. NPNP2
GAMMA I I I O.0000
FAC—1.O

S IF(ZNOR M.EQ. l)FAC=VARQ -

DO1oOJ= 1,NPNP2
160 GAMMA ( I)= GAMM A( I)+S (I,J )*XLAMOA (J)

XMEA N= XM EAN *S(1,NP L)*F AC /GAMM A II )
165 CONTINUE

W R I T E I b , 6 5 5 ) X M EA N
655 F O R M A T ( / L X , ’MEA N COEFFICIENT IS ‘ .013.6,/I )

00200 I—2,NPNP Z
200 GAMM A I I )=GAMMA( I )/GANMA ( 1)

GA M MA ( 1) 1. 0000
IFIIOLY.E Q .O)GO TO 172
IDLY I—IDLY 4I

- DO 170 II—IOLY I,P1 °I
I—NPrJ P2.1— I I

170 GA M M A (I+IDt .Y ) GA M M A( I )
00 172 I—1.IOLY
GA MM A (I +NPI) 0.0000

172 CONTINUE
C
C - 

CALCULATI NG THE EQUIVALENT CONTINUOUS DESCRIPTION
CALL IZTO StGA MM A ,P4 ,OELTA ,IZTS )
WR ITE I  6,1OO3~1003 FOR MAT t/ / / , 1X ,1Q~~I1H—),/ ,1X,100llI+))
RET URN
END

-A34-
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SUBROUTINE : IZTOS

PURPOSE: SEPARATES THE NUMERATOR FROM THE DENOMINATOR PARAMETERS IN
GAMMA .

EQUATION: DENOMINATOR; X1(I) GANMA(I)

NUMERATOR; X2 (I) = GANMA(NP1 + I)

FLOW CHART : 
-

START

S 

) I = 1 , N P 1

DENOMINATOR

X1(I) = GAMMA(I)

NUMERATOR
X2 (I) =—GANMA (NP1+I)

JP.
No I

~ 
I = N P 1 ?  

S 

S

jj Yes

CALCULATE CONTINUOUS
DOMAIN DESCRIPTION

(CALL Z TO S)

IZTS—IXTS+1 j
1 IzTs~4: I ~

RRTUB$
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- SUBROUTINE: IZTOS

DESCRIPTION: This subroutine takes the coefficient vector GAMMA and

— separates the vector into the numerator (X2(I) array) and S

-~ denominator (X1(I) array).

S PROGRAM VARIANCE: DELTA SAMPLING INTERVAL

GAMMA COEFFICIENT VECTOR

IZTS 0 Z DOMAIN TO S DOMAIN CONVERSION NOT
PERFORMED

1 LOGARITHMIC TRANSFORMATION IS PERFORM ED

S 

= 2 PULSE DELAYED TRANSFORMATION IS PERFORMED

N SYSTEM ORDER

-A36-
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SUBROUTINE IZTOStGAMMA ,N,DELTA ,IZTS)
S C

C 1210$ SEPARATES THE NUM ERATOR FROM THE DENOMINATOR PARAMETERS
C IN GAMMA
C

DIMENSION GA MMA (1),X1110) ,X2 110 )
DOUBLE PREC 1~~!ON GAMMA ,X1,X2,DELTA
NPI—N .1

200 DO3 1 1,NP1
KIUI— GAMMA tI )

3 X 2 (I )——G A MM A (N PI.I)
CALL ZTOS (*1 ,X2,N,OELTA , I ZTS) S

I Z T S IZTS +1 -

IF(IZTS.EQ.4) GO TO 200
RETURN 

S

END
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SUBROUTINE : POLCON

PURPOSE: CONSTRUCTS POLYNOMIAL FROM ITS ROOTS

FLOW CHART :

INITIALIZE ~R2(I )
SET R2(1) = 1.0

MULTIPLX (S+C(I))
WITH THE POLYNOMIAL

R2(I)*S** (I—i)

____________ 

JrNO
L r = N ?

YES

RETURN

DESCRIPTION: This subroutine constructs a polynomial from its roots and

the polynomial coeff icients are stored in an array R2 (I)

in ascending order .

?ROGRAN VARIABLES C ROOTS USED TO FORM POLYNOMIAL

K OPTION WHICH SUPPRESSES POLYNOMIAL CONSTRUCTION

WITH SPECIFIED ROOT(S)

N ORDER OF SYSTEM

R2 COEFFICIENTS OF POLYNOMIAL
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- 
SUB ROUTI P~ LC 0N(C,R2,K ,N)

A P~ LYL’4~ MI4L CONSTRUCTION PROGRAM NEEDED FOR 210$

DIM~~-lS 1O’~ CU),R211 )
C3MPLE**1 6 C,R~~,CO r 4P —

REAL*S D 12 )
E~ UI VAL E ’PICE (COMP ,OC )

- 

~4P1— ’-~+ .
D~I1~~I=2,~1P1

10 ~2 ( I )=~- .‘)D)~
DJ4 I 1,’~ 

- -

C3MP~ C ( I)
IFII. Ei~.-(.OR. (DCt1).E Q.ti.~ DD.A’PID.DCt2).EQ,3.3DD))GO 10 4
D0 2JJ=~~,IJ— I — J J 4 I

2 R2 (J *1 )= R2( J +1)*C (I)+R~- t J )  - -

R2(1) .R211)*CtI
4 CO’PITIMJE

R ET OR ‘1
E-’iIO

a

a —A39—
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SUBROUTINE: PRCVEC

PURPOSE: This subroutine prints out a complex single dimensioned array.

S 

EQUATION: Complex number A + BJ is printed (A, BJ)

FLOW CHART :

COMPLEX * 16 A

‘I,
IWRITE A(I) I=l,N

DESCRIPTION: This subroutine is called in the ZTOS subroutine when the

poles and zeroes in the S domain are needed .

PROGRAM VARIABLES : A ARRAY TO BE OUTPUT

N NUMBER OF ELEMENT IN ARRAY

-A40- - 
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SU BR OU T I~IE P~ CVECU,N)

T~i IS SU6~~OUT!’IE P R I - 4 T S  301 A COMPLEX SIM GLE D IM EN S IO t~ED ARRAY
A COMPLEX NUMBER OF TH~ FORM A + B J I S OUTPUTTED IN TH E FORM

C A, M J) WHERE .1 SQUARE ~OOT OF —1
DIMENS (O’1 AU )
C3MPLE**16 A
W RI T FC 6,2)
W 1~I T E 1 o , I )  t A t  I)  , I — i  ,N)
F3RM.~T (1X,1HI ,D17.1O,1H,,D17 .1~~,3H J))
W R I T E I 6 , 2 )
WRITE( 6,2)

2 FDRMAT (/) 
-

RETURN
E~43

S 4

— M l —

-S ~~~~~~~~~~~~~~ ~~~~~~~~- -  
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SUBROUTINE: PRMAT

PURPOSE: SUBROUTINE OUTPUTS DOUBLE PRECISION DOUBLE DIMENSION ARRAY

PLOW CHART:

DOUBLE PRECISION A~~~~~~j

S 
IWH~TE A(I,J) 3 l,M J

NOL I

DESCRIPTION: This subroutine is called in GRAM II and takes an

array of two dimensions and gives an output of the same two

d imensional array in double precision.

PROGRAM VARIABLES: A OUTPUT DOUBLE PRECISION ARRAY

M MATRIX “A” COLUMN DIMENSION

N MATRIX “A” ROW DIMENSION

NMAX DIMENSION SIZE OF TWO DIMENSIONAL ARRAY

5- — -

~

- -- - - • 
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SUBROUTI’~E 
PRMAT (A ,N,M,NMLJ()

DDUBLE PRECI~~I 3N A

THIS SU Bk3UT IMZ OUTPUTS D O U B L E  PREC ISION DOU BLE DIMENSIONED A RRAY

DI MEr4ION A (NMAX ,1)
W~ ITEI 6,I)
D 32I~~1,N 

-

2 W R ! T E t ~,,3) (At I,J) ,J~ 1, M )

3 FD,~MAT ( 1X,1~.’fl13.S)
W~~ITE (6,1 )
WRI Tc(6,1 )

1 FQRM 4TU )
RETURN
END

S 

-A43-
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SUBROUTINE : PRVEC

PURPOSE: SUBROUTINE OUTPUTS DOUBLE PRECISION SINGLE DIMENSION ARRAY

FLOW CHART:

I DOUBLE PRECISION A
it,

WRITE A( I) , I — l,N

DESCRIPTION: This subroutine is called in GRAZIII and other routines to print

one—dimensional arrays in double precision.

PROGRAM VARIABLES: A ARRAY THAT IS OUTPUT IN DOUBLE PRECISION

N NUMBER OF ELEMENTS IN ARRAY

—A44—
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* 

S

S U B R O U T I N E  P O V E C C A , N )

THIS SUB~. D U T T N ~ OUTPUTS DOUBLE PRECISIO~4 
SINGLE DIMENSI ONED ARRA Y

OIME ~N S ION A t ’ )

D3UaL ! P~~E~~I~~ION A

,~~ I T ~~U-,31)
W R t T ~~I~~,1 ) (A l l ) ,  I~~1,N ) -

F3~ MA T I1~*,1C~O13.5)
W~ I T E (  6, 31)
W RI T cI6,31 - )

31 F~ RM4 T (~~
)

RETUR N
E~ O

—A45—
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SUBROUTINE: RESPON

PURPOSE: CALCULATES RESPONSE (X
i
) FROM COEFFICIENT VECTOR (GAMMA)

TIMES THE ARRAY XLAIIDA.

EQUATIONS: [X
i

, (XLAMDA) ] ( GAMMA ] 0

or ~~ 
- 

~~~~~~~~~~~~ 

. .x.~ VK
. . V~~ 11 1~

2) 
I(

~. (N+N+2J
S 

also X~ — — (XLAMDA) T (G~ lMA)

FLOW CHART:

START

_ _ _ _ _ _ _ _ _ _ _  r

INITIALIZE ~ XLAMDA I

XSAV I 
r - — ’-~~~—J COMP S(2) — l .OI
I C~~~S(l)—O.0 I

[iLAMDAIJ) — XLA~~ A(J—1) : COMPS(3)—O.O: —

XLAI-IDA(l) - XSAV L S

XLAI4DA(NP 1) — V (I() I
I 

S

i r —  ~I I , INITIALIZE 
~XSAV

XSAV — 0.0 
T _____ 

ElQ(l
S XSAV—XSAV-(XLAMDA) (GAMMA) WKN1

_ _ _ _ _  I
X(K) XSAV II 1 

~~
-.J

~~~- - A t ~

/ \ ~~X-V (K)-GAIN * X A

/RETURN\ ~~~~~~~
IWK-COMPS (I)*WKM1+COMPS(2) S

( E R N 1— E K

WKM1 — WX

-A46-
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SUBR OUTINE : RESPON

DESCRIPTION: Subroutine RESPON determines the response of

b + b z ’+ b z 2 + ....+b z~~
H(z) — ° 1

_i 
2
_2 

~‘
_ to the

1 + a z  + a z1 2 n

input sequence V(K). The coeffleints are entered as an NPNP2 —

N + N + 2 vector GAMMA — (1,a
1 

, a , - b
0 , — b ) .

PROGRAM VARIABLES: FDBACK NO FEEDBACK FDBACK 0

NEGATIVE FEEDBACK FUBACK - 1

GAMMA COEFFICIENT VECTOR

MP 1 NUMBER OF DATA POINTS

N MODE L ORDER

V INPUT SEQUENCE

X OUTPUT SEQU~ ICE

XL.AMDA WORK I NC ARRAY

FEEDBACK AND COMPENSATION:

VK EK C
2~
C
3
z H(z)

L
~~~

1 

~~~

-A47-
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SUBROUTINE: RESPOW

PURPOSE: CALCULATES RESPONSE (X.~) FOR THE SYSTD~ SWMI IN ABOV E P IGURE .

THIS ADDITION TI) SUBR OUTINE RESPON INC(*P(*ATES THY FLEXABILSITY

OF ADDI IL NW AT IV E FEE DBACR AND CASCADE C (WENSAT(* I \ THY

FORWARD LOOP FOR I)PTIMIZAT I(*t .

EQUAT ION : U • V~ - AZ.~ 
~

S WK • ~J)~)I~~ * ( (*4I~ ( 1)  • U * (t~~ c (2) — ~~( O ~~ - ( i • E r P I I

FL~~ CHART : (S.. f low char t  for RUP ON th, dett.d ••ct Ioi~ Is ‘ ‘~ Y~~,4ba s

and (o~~~~ fl~~~t Ion n. t wor ~ - )

i s  

_ _

-A48-
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BEST AVAILABLE COPY
% i ~~~ 

j
~~t’,I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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l - S L ~~ S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I .‘1.14 •~~4$ ’ I
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W I .
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1. E~~ 4~~ 4 1  ~~~~~~~ - S 1 J — I )

nil I., ‘I

~~j  4 $ W 5*~~J ) S 4 ~~IM~ A ( J _ ~~I
IL$~~ A l t  I.~ $$Y

4 1  P1 ).V II I

D)Z ) l ’ L ,~~PNP t
13 ~S~~V .* S & 4—G1 0 M4l l . t  )Sii.INDA I I I

~~~~~~~~~~~~~~~~~~~~~~~~~ ?O U
23

27 DcIZI i .~ , MP 1
2*  * I * )~ D,O

RE TURN
E~~D
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SUBROUTINE: SOLVE1

PURPOSE: FINDS MAXIMUM EIGENVALUE AND CORRESPONDING EIGENVECTOR OF

(Z_E*G)*V~0

FLOW CHART:

GI—G

I ~~—~
-i I

CALCU9&TE S
S 6  *z S

— it,
IMPROVE S THROUGH ITERATION
(REDUCE COMP UTATION ERRORS)

F G*S_Z

- .
F1GEN~ICTc~

E• 1 ~0
NMN NA N

ITER 1 .0
ICNT-I .0

F vv~s*v
Jr

UPDATE EIGENVECTOR

V—VV/VV(l)

it,
NEW EIGENVALUI

E1 VV( 1) S

‘I, - 5

—A50—
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S NCSL TM-204-77
SUBROUTINE: SOLVE1

ERROR CRITERIA
SUM=j(El—E)/E1J

I E E 1  I
No .1L~[ ERROR CRITERIA

t SATI SFIED?
Yes

PERFORM 3 EXTRA ITERATIONS
SO LONG AS ITER <NMN

DESCRIPTION: Subroutine SOLVE1 uqes the first quadrant of the GRAM matrix
and noise correction m~itrix “ “ to calculate the output portion of
the EIGENVECTOR (N+1 c lements) plus the maximum EIGENVALJJE .

PROGRAM VARIABLE S:

C FIRST QUADRANT OF GRAM MATRIX

MAX MAXIMUM ROWS PERMISSIBLE

N N+l (ORD ER OF SYSTEM + 1)

S2 1 COEFFICIENT MATRIX

V EIGENVECTOR

Z NOISE CORRECTION MATRIX

-ASi-
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NCSL Th-204-77

SL J 8R QU TPIE SflLVE I,tl,G ,521,V ,N, M A X )
FINDS M A X Y M U M  ELGE NV RL U E AND CORRESPONDIN 3 E IGENV E CTOR OF

W HERE 2 AND & ARE N X N MAT RICES
C E I S  THE C IGENVALUE AND V THE CORRESPONDI’4G EIGENVE CTOR

~E4L~ 8 l(MA X ,L I .G ( M~~~,l ).  S 2 1 ( l ) ,V U )  ,S , F , G 1 , V V , S 2 , S U M ,E,Et

- 
C3MM QN /M4TRIX/SI2),2OI,FI2.),2~~),GL(2O,2O),VVI10O ) 

,S2110 ,13)

C CA LCUL A TE S* ( G INV ERSE)* 1

D31 I ’l , ’4
031.J 1. ‘4

1 ~I i I , J I = G I I , J )
CALL DDBIM V IG! ,N ,M 2.X)
D)21’I,M
032 J ’ l. ‘4
S I !  ,J ) ’3 .000
032 K’ 1, ‘4

2 S (I ,J)*S (I,J1 ,GI(I ,K)*LI K ,J)

L IMPROV E S TH~U I T ER AT I ON
F C

C S— S—I& IMV ER SE )*F

N02’N
DD13~ IT E R—1 , MD2
D33 1= 1,M
033 J—1 , ‘4

D040- ’ l ,M
— 4 SUPIaSJM ,GI1 ,K )*S (K,JI

3 FU ,JI SUM—ZtI ,J )
0351’1,N
D05.I’I,N
SUM’O.30~
03611’l,N

S SUM aSJ M ,GIII ,K)*FtK ,J)
S S (I ,j)’SII,J)— SUP I
103 C3’4rPdtJE
C

IN ITI A LL Y v’ISII,l), . • •, S (N ,N))FS (1,Il, Eal
I T E R ATE : E V~C VV S*V , EVA L EL VV (l)

D371 1,N
7 V (I)— SII ,I)/S (1.I)

EsI.C03

ITER ’l
I MT ’t

8 ITER’ITER+l
0391’l,M S

VVII)•~.~D0039J ’ I.M
9 VV I l ) .VV I I ) +5II ,J)*V IJ)

D01)I’t ,M

10 V III sV V U ) / V VU )
E1’VV I II
SJM’DABS ( IEI—E)FE L) -

(‘El
!F(SUM.GTs1. ’~D 8.AND .ITERaLT .NMN ~GO TO B
ICM T ’ICM T4I
IFIICNT.LT .S.A 4D .ITER .LT.NMN )GO TO $
WRIT( (b,11)ITER ,E ,SUM

11 F3R MA TII3 * , ’!TER’ ,I~~,’ MA * .EIGENVALUE ’’,Ola.b,’ ERROR” ,D13.6~
RETURN
(MD

- —A52--- - - - 
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SUBROUTINE : SOLVE2

PURPOSE: CALCULATE MAXIMUM EIGNEVALU E AND EIGENVECTOR

FLOW CHART :

~ç)
Sl=G~~

2
~

Jr
CALCULATE ZI

ZI=G~
22
~

(CALL DOBINV )

Jr

CALCULATE S2

S2=G~
22)

*G
(2l)

4,
IMPROVE S2 THROUGH ITERATION
(REDUCE COMPUTATION ERRORS)

F=G (22) *G
(22) *G (2 _G (2

~~
S2— S2—G ’22

~ *F
Jr

CALCULATE NEW G~
11
~

‘I’,

CALCULATE FIRST (N+l) VALUES OF EIGENVECTOR
AND MAXIMUM EIGENVALUE

(CALL SOLVE1)

Jr S

CALCULATE REMAIND ER OF EIGENVECTOR
XLAMDA (NP 1+I) THROUGH XLAMDA (NP1+NR)

-A53-
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SUBROUTINE: SOLVE2

DESCRIPTION : Subroutine SOLVE2 calculates the maximum EIGENVALUE and EIGENVECTOR
when noise is present on both input and output or the noise is present
only on the output. SOLVE2 uses subroutine SOLVE1 to calculate the
first (N+l) EIGENVALUES and the maximum EIGENVALUE. S~ L~1E2 uses
an interation process (similar to SOLVE1 and SOLVE3) to reduce
computation errors.

PROGRAM VARIABLES :

G GRAM MATRIX

GAMMA COEFFICIENT MATRIX

- MAX MAXIMUM ROWS PERMISSIBLE

NP1 ORDER OF SYSTEM+1 (N-Fl)

NR

XLANDA EIGENVECTOR

Z NOISE CORRECTION MATRIX

— A54— 
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BEST AVAILABLE C0PY
SUBRO UT~~1E S~ILv~ 2(Z,C,G4MMA,%LAMO4,NP1,~JR,MAg )
RE A L~~ j(M!~X ,f l ,~~(MA(,i),~~~MMA (L ),*LAMDAI1~~,SUM W ,S,ZI,S1,S2,F
C DM MU ’l /MMTRTX/S(2 : ,2 ,F(2),2~ ),ZI(2~ ,23~ ,S1(t~~,h,I ,S2U),1OJ
0062: 1=1,
D36 2C J I ~I RZI( I,J)=~~t~’4P’+1,NPL+J )

62s S1 (I,J)~ ZI (I,J)
CALL D 0B I ~1 V ( L I , N ~~,M A C )

D~J62If=l, ’~IR
D0621J=1,~1P1
S 2 ( I , J ) = ~~.r~D~’
D3621K~~1,NR

C CALCUL AT E S2=G (221 U4V~ RS€ * 6(21)

621 S2 (1,J)=S2 (!,J)+ZIU,KI*GINPtGK,J)

IMPROVE S2 THRU ITERATIO’~
C F=~~I22)*S2—G (2I)

S2zS2— (G (22) I’4VERSE)*F

0062’,ITER=1,9R
0D622I=l,’~R
D0622J 1,’~P1

D3S23K 1,~~R
623 SUMW~ SUMW +S1(!,K)*S2 (K,J)
622 F (I,J)=SUMW— ~~(MP1+I,J)

006251 1,MR
D3625J=1,~JP1
SUM W=0.
00626K 1,MR

626 SUMW~ SJ MW+ZI (t,K )*F (K,J)
625 S2 (j,J)=52 (I.J)—SUMW
624 C3~4TI~~UE

036 27 1 =1 ‘4P1
006 27J 1, 4P 1.
SUM W=(~.3D~
D3628K 1  ,~4R

628 SJMW=SUMW.G ( t,I(,NPI)*S2(K,J)
627 ~(I,J)=G(I, J)—S UM W

C CALCULAT E XL*MDA I (CALL SOLVE 1)

CALL SOLVE1 (Z,G,GAMMA ,XLAP~DA,NP1,M AX )
C
C CALCULATE *LANDA 2

D3629I~~1,NRKs~1P1,I
XL4MDAIK) zO.’~03
D3629Jz1,MP1

629 ~L4MoA(KI~~~LaNoA (k,— :2(I,Jp.*LaMoA (J)RETURN
E~ D

-A55-
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SUBROUTINE: SOLVE 3

PURPOSE: CALCULATE MAX DW14 EIGENV ALUE AND CORRESPONDING EIGENVECTOR
(NOISE ON INPUT ONLY )

FLOW CHART:

I ZI1G~
(CALL DOBINV)

CALCULATE S2

S 2 G ~
”
~ *G~

’2
~

II4PROVE S2 THROUGH ITERATION
(REDUCE C(~(PUTATION ERRORS)

F~G
(h1)*S2_G(’2)

S2”S2—G~
11’ *~

CALCULATE NEW ~
(11)

G
(h1 G

(22)_G(2~~*S2

CALCULATE FIRST (N11) VALUES OF EIGENV ECTOR
AND MAXIMUM EIGENVALUE

(CALL SOLVE1)

SET XLAMDA2 “XLAIIDAl
NOTE XLANDA1~FIRST(N11) VALUES OP EIGENVECTOR)

XLA)WA2 IS THE RthAINDER OP EIGENVECTOR

I SET XLAMDA1 O.O j
‘I,

CALCULATE NEW XLAMDA1
XUIIDA1 _S2*XLAMDA2

‘I,
—k56—
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SUBROUTINE: SOLVE3

NORMALIZE EIGENVECTOR (XLM~fl)A )
XLANDA XLAZIDA/XLAMDA (1)

XLAMDA(].).’

A
RETURN

DESCRIPTION: SOLVE3 is used to calculate theEIGENYECTOR when the system has
noise only on input. SOLVE3 uses SOLVE1 to calculate the maximum
EIGENVALUE and the (N+l) EIGENVALUES . The remaining EIGENVECTOR
elements are calculated in subroutine SOLVE3. SOLVE3 uses an
iteration process (similar to SOLVE1 an SOLVE2) to reduce computation
errors.

PROGRAM VARIABLES;
G GRAM MATRIX

GAMMA COEFFICIENT MATRIX

MAX MAXIMUM ROWS PERMISSIBLE

NP 1 SYSTEM ORDER +1, (N+l)

HR NP 1-IREM

XLAMDA EIGENVECTOR

Z NOISE CORRECTION MATRIX

— A57—
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I

S~J8ROUT P1E SiLVE3U,G ,GU4MA ,XLAMDA,N P1,MR ,MA ~ )
RE At*8 Z(MA* ,1~~ GD~A * ,1hGAMMA I1),*LAMDA (1) ,SUMW ,S ,ZI,S1 ,S2,F
C3MMO N /MaTR!(/$(2~ ,2~~),F (2O,2C),j1 (2O,2O),SI(1O,1Gl,S2 (1C~,10~
P4PNP2~~1Pt.NR
DOlI zl.1P1
O3L J~ 1 ,4P1

1 ZI (1 ,JIaG (I,J)
CALL DOBP~lV I!1,N P1 ,MAX )
D32IsI~~~P1
DO2Jxl ,~~~~
S2 (I,J)— ~ .0D’~
OD2 K=1 ,~lO 1

2 S2I I,J)~~S2( 1,J~ +ZI( I,K)*GIK ,J+P4P1)
DD 3ITE~ .1,NP1
004 1~ 1,MP1
DQ4J—1,~4RSUM w=D .
D35k~ 1,4P1

5 SUMW SJMW +G (Y,K)*S2~ X ,J)
4 F (1,J)— SUMW—G(I ,J+N PI)

0061—1 ,NP 1
006Ja1,NR
SUM W~0.007K5 1,MP 1

7 SUMW .SUMW +lI~~1,K)*F (K,J)
6 SZ(I ,J)~~S2t I.JJ— SUMW
3 C3~TI~4UE

038
003 J=1, ~4R
SUMW ~0.~ DD
D39K*1,IP1

9 SJMW ~ SUMW +G I!+~ P1,K)*S2(K,J)
8 G(I,J )~~G(!.N~ 1,J+f~P1i—SUMW

CALL SOLVEL ( 7 ,G ,GAM P 4A ,*LAMDA ,NR ,MAX )
D3lO IaL ,MR

10 XLAM0At ~4P1 +I1~~XLAN O 4(I)
D011I~~1,’4Pl
*LAMCi A II )~ 0.~ D0
001 1JaL ,~4R

11 *LAM DA (I) *LAM DA (I)— S2 (I,J )*XLAM DA (J+NP II
03121z2 ,NPN P2

12 *LAM D A II ,~~xL aM DA lI)/xL A M DM1 )
*LAMDA (1)~~1.~ D0
RETU R~I
E~ D

—168-

I



F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _____

NCSL Th-204-77

SUBROUTINE : ZTOS

PURPOSE : CONVERTS A DISCRETE TIME TRANSF ER FUNCTI ON 11(Z) TO A
CONTINUOUS TIME TRANSFER FUNCTION H ( S ) .

FLOW CHART :

(LOGARITHMIC) IZTS 2 
(DELAYED PULSE INVARIANT )

CALCULATE Z DOMAIN DC DECREASE NUMERATOR
CONSTANT (CALCULATED WITH I COEFFICIENTS BY Z ’
z 1) (BOTH)

FINDS ROOTS OF DENOMINATOR

FINDS Z DOMAIN ROOTS OF 
POLYNOMIAL — CR(I)

NUMERATO R AND DENOMINATOR (SUBROUTINE POLRT )

POLYNOMIALS 
—

CALCULATE S DOMAIN ROOTS

(SUBROUTINE POLRT) BY:

I = DELTA 
LN(Z (DELTA) )

CALCULATE S DOMAIN ROOTS
BY:

1 FINDS PARTIAL FRACTION COEFFICIENT S
S BY S — LNI~Z~DELTA .P I

DELTA AND CONVERT S THEM TO S DOMAIN BY
CAA(I) CA(I)( CR ( I) ) /

_____________________ (1 CR(I) (DELTA)
FORMS S DOMAIN POLYNOMIAL
FROM ROOTS FOR BOTH
NUMERATOR AND DENOMINATOR 

________________________

CONVERTS PARTIAL FRACTION
(SUBROUTINE POLCON) COEFFICIENTS TO POLYNOMIAL

COEFFICIENTS

CALCULATE S DOMAiN DC
GAIN CONSTANT FORMS DENOMINATOR

COEFFICIENTS FROM ROOTS

(SIIRROIITI IR POLCON )

ISCALES NUMERATOR
COEFFICIENTS BY THE DC
CONSTANT

4

RETURN

-A59-



NCSL TM-204-77

SUBROUTINE ZTOS

DESCRIPTION: This subroutine uses the 11(Z) transfer function in
polynomial form and finds the continuous time domain
transfer function. Four options are available under

• the parameter IZTS. If IZTS — 0 no Z to S trans-
formation is done. If IZTS = 1 a LOGARITHMIC trans-
formation is done. When IZTS 2 a PULSE DELAYED
transformation is performed. The fourth option
(IZTS = 3) performes both the LOGARITHMI C and PULSE
DELAYED transformat ions .

PROGRAM
VARIABLES: A NUMERATOR POLYNOMIAL

B DENOMINATOR POLYNOMIAL

DELTA SAMPLING INTERVAL

N ORDER OF SYSTEM
ORDER OF NUMERATOR

IZTS OPTION TO DESIGNATE TYPE OF TRANSFORMATION DESIRED

IZTS - 0 PRINTS Z DOMAIN NUMERATOR AND DENOMINATO R
AND POLES OF Z DOMAiN . (DOES NOT PERFORM
Z TO S TRANSFORMATION).

— 1 LOGARITHMIC TRANSFORMATION

= 2 PULSE DELAYED

— 3 BOTH LOGARITHMIC AND PULSE
DELAYED TRANSFORMATIONS ARE

• PERFORMED .
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SU8ROUTZNE 2TOSl8,A,N,OELTA ,XZTS)
COM MON NM

C
C
C CONVERSION OF A DISCRETE TIME SYSTEM MU ) TO A CONT I NUOUS TIME SYSTEM H (S)
C
C
C HIZ)a(A 11) + A (2)*ZETA +....)i11 + B (2)*ZETA +~~••,)C ZETA a
C
C H (S) (A (1) + A12)*S 4 •..e.. . 4 AIN,1)*SS*N)/DENOM
C
C DEN OM~BI1) + 8~2)*S • ..... • S(N+1I*S**N
C
C 8(1) 1 ALWAYS
C

• C
DIMENSIO N B (9),A (9),TEI’P(20),RR (20),RI(2O),CRIZO),CA (20) ,CAA (20),

1CAL (20),CB(2”),CFt2O),CFI(20 1 ,CG~20)
COMPLEX*16 CI ,CAA,CA1,CB ,CR,CONI.CON2,CONT,FAC .A1,A2 ,81,82,AAI,851

LCG,CF1,CF
REAL *B 8,A ,TEMP ,RR,RI,OELTA
CON T~0.0000
IORPaIZTS
NP1 N+1
NNPIaNN+1
A1~0.0D0
8L~0.0O0
DO 301—1 ,NPI
IF( I.LE.NNPIIAL aA I+A (I$

30 51=81+8(1)
WRITE(6,989) NN,NNP I

989 FORMAT (10X ,INN I ,I5,5 X ,’N NPI I,ISI
999 FORMA T (/i/)

WRITE (6,999)
WRITE(6,t000I

1000 FORMAT (’ Z—DflMA LN DENOMINATOR’ )
CALL PRVECIB ,NPI)
WRI TEI6 ,l00lI

1001 FORMAT (’ i—DOMAIN NUMERATOR’ )
CALL PRVEC (A,NP&)
IF(IZTS.EQ .0) GO TO 909
IF (IZTS.EQ .1I GO TO 200
IF(IZTS.EQ.2) GO TO 250
IF(IZTS.EQ.3) GO TO 200
IFUZTS.EQ.4) GO TO 250

• 200 CONTINUE
C
C
C LOGA RITHMIC TRANSFORMATION
C
C
C WORK ON NUMERATOR
C
C

-A61-
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IF(PIN.EQ.0)GO TO 469
CALL POLRTIA ,TEMP ,NN ,RR,RI,IER )
0013 1 1,NN

• 13 CA ( fl— OCM PLX IRR II) ,RI (I)I
00 7 1 1,NN

7 CAl I).(+1.0/DELTA)~ COLOG (CA(I) )ZF(NN.EQ.N) 60T0471
469 CONTINUE

DO 470 I NNP1,NPI
CAAU)=O.000

470 CA(I)0.000
471 CONTIN UE

IF(NN.E Q.O)CAA ( 11=1.000
C
C
C NOW THE FIRST NH ENTRIES OF CA CCNTAIN THE S—DOMAIN ZEROE S OF NUMERATOR
C AND THE REAM INING ENTRIES ARE ZEROED OUT.
C

LF (NN .NE .0) CALL POLCON (CA eCAA .O.N )
• C

C
C WO RK ON DENOMINATOR
C
C• CALL POLRT (8,TENP ,N .RR.*I,ZER)

-
• 

- 0016 1 1,N
CAl I)SOCMPLX (RR (I),*1 ( III

16 CF (I)=1.0000FCRII)
909 WRITE (6,10021

CALL PRCVEC (CF ,N)
EF (IZTS.E0.0I GO TO 900

235 006 1 1,N
6 CR1 I)a(—1.0/OELTA)*CDL OG (CR (I))

WRITE(6 ,240)
240 F0RMAT (’ LOGARITHM IC TRANSFORMATION’ )

WRITE (6.999) -

WR I TE(6.2000) •

2000 FORMAT I’ POLES IN S DOMAIN’ )
CALL PRCVEC (CR ,N)
0O30001—1,N

3000 CR (I)— CR (I)
CALL POLCONICR ,CB,O,N)

C
C
C ADJU ST DC GAIN CONSTANT
C
C

A2 CAA (1 1
• 32—Cell)

FAC- (A1/Bl b*f 82/AZ) •

00 603 IaI,NNPI
603 CAA (I) CAA (I)*FAC

GO TO 2010
C
C
C DELA YEO PULSE INVARIANT TRANSFORMATION
C
C
C SHIFTS NUMERATOR COEFFICIENTS FOR OELA Y
C
C
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• 250 CONT — A(l)
00 300 !1,N

300 A lI )=A (I• t ) —CONT*B(I+l)
A (NP I) 0.0

400 CALL POLRT (8 ,TEMP ,N ,RR,AE,IER)
0061)—leN
CR IZ ) OCM PLX (R R II ),R Il1 ))

61 CFII)—1 .0000FCR (I)
WRITE) 6,1002)

1002 FORMAT (l* , ’THE POLES OF THE i—DOMAIN’)
CALL PRC VEC (CF ,N)

4 C
C
C PARTIAL FRACTION EXPANSION
C
C

D031—1,N
CON 1=1.0000
CON2=O.0000
D04J 1,N
CON2=CON2*CR( I).MN—J+l)
IF) I—J)5,4,5

5 CON1-CON1*( 1.ODOO—CR ( I )*CF( J I-I
4 CONTINUE
3 CAI I)C0N2/CON1
C
C
C TRANSFORMATION OF DENOMINATOR AND NUMERATOR
C
C -

224 0021 1.N
CONI=COLOG (CRI I) )FOELTA
CA) I)i .CAII)*CR (I)*CONI/IC R (I) 1.0000)

2 CRII ) COM1
WRITE ) 6,241)

241 FORMAT )’ DELAYED PULSE TRANSFORMATION’ )
WRITE (6,999)

226 WRITE (6,1004)
1004 FORMAT )’ NEGATIVE OF THE POLES IN THE S—DOMAIN’ )

CALL PRCVEC (CR,N )
WRITEI 6,10031

1003 FORMAT IIX ,’NUMERATOR CONSTANTS OF FACTORIZED HIS)’)
CALL PRCVEC (CA,N )
CALL POLCON (CR ,C8 ,O ,N)
00711 1,NPI

71 CAA (I) 0.0OO~
009K=1,N
CALL POLCON (C R,CF1 ,K ,N)
D09J 1,N

9 CAA (J)*CAA (J)+CF1(J)*CA(K)
CAA (NP 1I O.0t)0O

2010 CONTINUE
• 004501 = 1,NP1

CAA(I)= CAA(I)+CONT*CB(I)

403 WRITE (6,lOOSI
1003 FORMAT )’ S—DOMAIN DENOMINATOR’ )

CALL PRCVEC ICB ,NP 1)
WRITE (6,l0061

1006 FORMAT )’ S—DOMAIN NUMERATOR’ )
CALL PRCvEC (CAA ,NP 1)
00201 1,NP1

e (I)C~ l I )
20 A l * ) C AA II )
900 RET URN

END (Reverse Page A64 Blank)
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APP ENDIX B -

z TO s EQUiVALENCE TRANSFORMS

Logarithmic Equivalence

t
Equation (3) on page 4 describes a simple way of finding an s—domain

transfer function H(s) corresponding to a z—domain transfer function H(z).
It Is implemented in the computer program whenever IZTS = 1. The basis

• for this correspondence lies in the logarithmic mapping s = — I Zn(z) of the

poles and zeros from the z—plane to the s—plane. Appropriately , it is called
the Logarithmic Equivalence Transform. The inverse mapping is similarly
defined and we note that the left—hand—side of the s—plane maps into the
interior of the unit circle in the z—plane .

The primary advantage of the logarithmic equivalence transform is that
it preserves the degree of the numerator from the a—domain to the s—domain.
However , it does not yield a good degree of invariance of the output between
the continuous—time and discrete—time equivalent systems (8]. As a consequence,
this method requires a finer sampling interval compared to the ‘pulse inter-
polation ’ method (described below) in order to achieve a satisfactory invariance
of the output.

Leading—Edge—Pulse Equivalence

This method aims for invariance of the output at the sampling instants.
Strictly speaking this objective cannot be achieved for every arbitrary in-
put because the sampled input signal loses some of the information of the
orginal signal. Suitable restrictions must therefore be placed on the class
of inputs for which the output invariance is sought. For example it is
assumed that the bandwidth of the input signal and the highest frequency of
the passband of the system are small compared to the sampling frequency (say
one—tenth or smaller). Under such an assumption the input may be approximated
by a train of rectangular pulses:

u(t )  t) 
~ k 

~~ u(kL~)p(t—k~)

where
p( t) = f o r O � t < ~~

0

Invariance of the outputs of a) H(z) excited by u(kA) and that of b) H(s)
excited by u(t) can then be achieved by equivalencing H(z) and H(s) in the
following manner :

n
H( z) ________ <=> ~ 

ri H(s ) ,
i=l l—ct1z~~- i l  s +

lipi
— ( 1—a1)

—B i—
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This method yields a high degree of invariance between the outputs of
a) 11(z) excited by u(k~) and b) H(s) excited by the actual u(t). In this
respect its superiority over the logarithmic equivalence method has been

• demonstrated by case studies on several Navy vehicles. However, it suffers
from the disadvantage that the degrees of the numerators in the z—domain
and the s—domain do not, in general, equal each other.
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APPENDIX C
-
• 

SOLUTION OF A KEY EQUATION

•s stated in Section II three different cases for equation (15) arise
t depending upon whether °q ’ 

G~~ or both are nonzero. The solution for these

different cases is discussed below.

Case 1: Noise on Both Input and Output (NSPQ ~ 0, NSPW ~ 0)

Equation (15) may be written as

(p1 - G~~Z)A = 0 (Cl)

so that the desired solution A is the eigenvector of G 1Z corresponding
to its largest eigenvalue.

Case 2: Noise on Output Only (NSPQ # 0 , NSPW = 0)

By partitioning the matrix G into four (n+1) x (n+l) blocks and
correspondingly partitioning A one obtains

[c~~ G
l2~I r~ °1 [x hi ro

I f~ f j f i — I
[c21 G

22J ~o oJ L~
2
~J Lo

which is equivalent to solving the pair

- G12G22 ~~ G21) 
- ~I} ~~~ 0 (C3)

~(2) 
— —l ~(l)

A — —G
2 

G21 A (C4)

The f i r s t  part is scdved as a usual eigenvalue prob lem . The eigenvector
~U) corresponding t9 the minimum eigenvalue is selected , and , then, from
the second equation is obtained . The desired parameter vector is
finally obtained as

F x (1)
A 

_ _ _  I
A (1)

Case 3: Noise on Input ~~~~ (NSPQ = 0, NSPW # 0)

This case is quite similar in nature to case 2 above and is treated
accordingly.

(Reverse Page C2 Blank)
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