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Abstract

A simple LC low-pass filter is studied to illustrate the theory of optimal worst-case
design embodying centering, tolerancing and tuning presented by Bandler, Liu and Tromp.
Three computer program packages (MFNC, MMLC and MINOS), which implement recent
nonlinear optimization techniques, are used and the results are compared. A basic discussion
of centering, tolerancing and tuning and the formulation of such electrical circuit design
problems in terms of mathematical programming problems are presented. The
documentation is developed for the CDC 170/730 system with the NOS 1.4 level 552 operating
system and the Fortran Extended (FTN) version 4.8 compiler. Details and the full Fortran

listing are made available for problems considered by Bandler, Kellermann and Zuberek.
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I. INTRODUCTION

In the nominal design problem, we are interested in finding a single point in the
feasible region. This solution is impractical from the manufacturing point of view. Since
there are other points that can also meet the specifications, the designer can assign tolerances
on component values so as to minimize production cost. Postproduction tuning of some
elements is quite common in electrical circuit fabrication. This has the effect of increasing
tolerances to reduce cost or to make unrealistically toleranced solutions more attractive.

The optimal design of an LC low-pass filter embodying centering, tolerancing and
tuning developed by Bandler, Liu and Tromp [1-2] is considered. Assuming that there are
tolerances associated with component values and tuning is possible, we seek nominal
component values and tolerancing and tuning parameter values that satisfy certain
specifications on insertion loss at different frequencies, and minimize a realistically defined
cost function at the same time.

The three optimization packages, which have also been studied by Bandler,
Kellermann and Zuberek [3], employ different techniques. MFNC [4] is a package for
minimization of a nonlinear objective function subject to nonlinear constraints. It is an
extension and modification of a set of subroutines from the Harwell Subroutine Library [5].
The method implemented was presented by Han [6] and Powell [7]. First derivatives of all
functions with respect to all variables are assumed to be available. The solution is found by
an iteration that minimizes a quadratic approximation of the objective function subject to
linearized constraints. The MMLC package [8] solves linearly constrained minimax
optimization problems and is based on the method described by Hald and Madsen [9]. The
solution is found by an iteration that uses either linear programming applied in connection
with first-order derivatives or a quasi-Newton method applied in connection with first-order
and approximate second-order derivatives.

The MINOS/AUGMENTED system [10] is a general purpose programming system to

solve large-scale optimization problems involving sparse linear and nonlinear constraints.



MINOS employs a projected augmented Lagrangian algorithm to solve problems with
nonlinear constraints presented by Murtagh and Saunders [11].

The present report reviews the basic theory of optimal worst-case design embodying
centering, tolerancing and tuning. It uses a typical electrical circuit design example, namely
an LC low-pass filter design, to illustrate the formulation of practical engineering design
problems for which the objective function and constraints are flexible. The structure of the
programs for the simulation of the circuit using all three packages, complete results for

different test cases, discussion and comparison of results are also presented.

II. THE TOLERANCING AND TUNING PROBLEM [1-2]
A design consists of design data of nominal point ¢9, the tolerance vector € and the

tuning vector t where, for k parameters,
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and p € Ry. Ry is a set of multipliers determined from realistic situations of the tolerance
spread. For example,
Ry2{n|-1= < 1,i€ly}, (4)
where
I,2{1,2, ...k} (5)
The tolerance region R, is defined as
R.2{d|d0-e< ¢ =<0 +¢g}. 6)

The tuning region Ri(p) is defined as the set of points

b=+ Ep+Tp (M
for all p € R, where
8 1
t1
ta
T2 , (8):
tk
k—- et
and
Ro2{p|-1=<p=1,i€ly (9)
The constraint region is given by
R.2{dlgid =0,i€L} (10
where
I.2{1,2, .. mg, (11)

and m, is the total number of constraints. The definitions are illustrated in Fig. 1 for a two-
dimensional example.
The problem is formulated as the nonlinear programming problem:
minimize C($0, ¢, t) subjectto p € R,

where ¢ is defined in (7) and constraints $9, €, t = 0, for all p € R, and some p € R,,.
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C(¢09, e, t) is a function which represents the component cost, for example,

“( o 12)
:Z ci_+ci_()>’

where ¢; and ¢;’ are constants.

The Vertices Elimination Method

The tolerance region R, is a convex polytope of k dimensions with sides of length 2 ¢;, i

€ I, and centered at ¢0. The extreme points of R, namely the vertices, are

n A _ .0 . (13)
R, ={q>|q>i =¢, +ep, 1€ {-1,1},i¢ Iq)}.
Each vertex can be indexed by 1,1 € I, where
I, 2{1,2, .., 2k (14)

It is proved, that if the regions of points in the parameter space for which designs are
both feasible and acceptable satisfies a certain condition (less restrictive than convexity),
then no more than 2k points, the vertices of the tolerance regions need to be considered during
optimization [12].

Further effort can be made to identify or to predict the most critical vertices that are
likely to give rise to active constraints. If g; is monotonic in the same direction with respect to
¢; throughout R, the minimum of g; is on the hyperplane ¢; = ¢;0 - & sgn(3gi/ad;). Hence, only
the vertices which lie on that hyperplane need to be constrained. This implies that an
investigation of sgn(dgi/ad;) in a locality of the point ¢0, (assuming monotonicity), will select

the worst vertex for g;.

[II. LC LOW-PASS FILTER
The LC low-pass filter shown in Fig. 2 is considered. Table I summarizes the
specifications. Now, consider the network in Fig. 3 as the original network. The nodal

equations for this network are
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Fig. 2 The LC low-pass filter



TABLE I

SPECIFICATIONS FOR LC LOW-PASS FILTER

Frequency Sample Insertion Loss Type Weight
Range Points Specification w
(rad/s) (rad/s) (dB)

0-1 0.45,0.50,0.55,1.0 1.5 upper (passband) +1

2.5 2.5 25 lower (stopband) -1
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Fig. 3 Original LC filter with excitation
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1+1/GoLy) -1/GwLy) 0 Vi 1
-1/GoLy) 1/(oL;)+1/(joLs)+joC -1/(jwLg) Vo | = 0 (15)
0 -1/(jwLg) 1+ 1/(jwLg) Vs 0
or
YV=B. (16)

These equations can be solved for V using Crout’s algorithm for LU factorization.

The insertion loss between the source and the load is defined as

A power to the load when the circuit is removed

insertion loss = — . am
power to the load when the circuit isin place
When the circuit is removed we have, for source and load resistances Rg and Ry,
PLo = [Vi/(Rs + RU2Ry, (18)
where V7 is the source voltage, and with circuit in place, we get
Pg = [Vo/Re/* Ry, (19)
where V) is the voltage across Ry,. Substituting (18) and (19) into (17) gives
V,/Rg + ROPR,
insertion loss (indB) = 10 log
Y1 W /R PR
0 "L L
R \%
L I
=20 10g10 TR ! v | (20)
S L 0

For Rg = Ry, = 1Q and Vi = 1 volt (corresponding to a 1 ampere excitation), (20) becomes

insertion loss (in dB) = 20 log1g (1/2) + 20 log1o (1/]V|) = -6.0206 - 8.6859 In |V,|, (21)
where 20 log1g e = 8.6859.

To calculate the derivatives of insertion loss with respect to L, C and Lo, we use adjoint
network analysis. The equations for the adjoint network, shown in Fig. 4, can be summarized
as

A A
Y'v=8, (22)

A
where YT = Y because of symmetry and B = [0 0 -1]T.
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Again, Crout’s algorithm is used to find V =
forward and backward substitutions are neces

The sensitivities are

12

A A A
[Vy Vg V3IT. Itis important to note that only

sarily repeated for the adjoint network.

A A
WV . A V=V V=V (23)
— = -JcoIL IL = —jo — -
aLl 1 ™1 JQ)LI J(OLl
A A
WV, . A . (Vo V3) (Vz‘ vy (24)
—_— = —J(OIL IL = —jo — -
aL2 9 o ]Q)Lz JO)L2
aVO . A
g‘c— =jwV2V2.
Denoting insertion loss by L, (21) gives
aL 1 d
— = —-8.6859 — — IVOI, (25)
i v/ o
where
$é =1[L; C LgI". (26)
Also,
d 1 x 0
— | |=—Re[V -V]. 27
TR AR
(27) is proved as
lR[V"‘avl - lv*av+v av*]
— Re —_ - —_ -
v, Oap 01 2(v 1 0ap 0 04p O
- 2w v
2V a0
1 d 9
= =V,
2V ap
= @V, = |V, ])
v 0 0
= =V,
ap O



13

Having calculated L and 3dL/d}, we can formulate the performance specifications gj,
i=1,2,...,,mgas
gi = w(wy) [S(w;) - L (P, wy)], (28)
where w denotes the weighting factor and S represents specification. Moreover,
ag. P

— = — (w).
2P i s

w,, (29)

where
(Wi 2w(wy), and (L)2L(d, wy).

An investigation of sgn(dg;/ad) at a feasible point determines the worst vertex for

constraint gj, using
Ri = —sgn(agi/od) . (30)

The critical vertices are found to be

vertex6orp = [1 —1 1]Tat @ = 0.45,0.50, 0.55

vertex8orp =1[11 11Tatw = 1.0

vertex lorp=[-1 -1 —1Tatew =25.
One additional vertex, namely vertex 3, is considered for each frequency in order to bound the
solution during optimization. Hence, there is a total of 10 nonlinear constraints. These are
five constraints due to the five sample frequencies and their corresponding critical vertices,
and five constraints due to five sample frequencies and vertex 3.

Assuming that Lq, C and Lo all have tolerances associated with them and tuning is
possible for all three, a total of 21 variables are readily identified. Table II shows these
variables.

The cost function is taken as

0

®; ¢ 31

C= Z[—-i—c-—ol, (31)
i=1' 5 b,
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TABLE II

21 MAJOR VARIABLES OF THE LC FILTER PROBLEM

Name Variable Name Variable
0
X 1 L1 X 12 93(6)
X c® x p.(8)
2 13 1
X L0 X p,(8)
3 2 14 2
X4 SLI X5 P5(8)
X5 & X16 p,(1)
%6 1, X17 py(1)
Xq tL1 *18 Py
Xg tc *19 P,
Xg th Xg0 p,(3)
X0 p,(6) Xo1 p;(3)

1
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where
(32)
&0 = [L(1) Q0 Lg]T’
and c is a constant.

Using the 21 variables, we construct ¢ for the four critical vertices. Table III
summarizes the results for the construction of ¢.

The nonlinear constraints gj;, i = 1, 2, ..., 10, are functions of ¢ and are calculated in

terms of the variables x;,j = 1, 2, ..., 21, using Table III. Also, dgi/dx; can be obtained using

chain rule of differentiation as

g, ag, aL1 9, s5C a8, aL2 (33)

Constraints gj are numbered so that

i = 1,2, 3 corresponds to vertex 6,

i = 4 corresponds to vertex 8,

i = 5 corresponds to vertex 1,
and 1= 6,...,10corresponds to vertex 3.

There are 33 linear constraints resulting from (9) and the fact that ¢, £ > 0, and t = 0.
Numbering these constraints from 11 to 43 gives

gi,1=11,...,16 correspondto g, e > 0,

gi,1=17,18,19 correspondtot =0,

gi,1=20,...,,31 correspondtop = —1,

and g;,1=32,...,43 correspondtop < 1.

IV. THE PROGRAMS AND THE ACTUAL OUTPUTS

1. Program LCMFN

The program uses the package MFNC. The objective function and 43 constraints are
defined in Section III. Apart from the main subroutine for minimization with general

constraints (subroutine MFNC1A), and the associated main program and subroutine FCD,



16

TABLE III

CONSTRUCTION OF ¢ USING 21 MAJOR VARIABLES

vertex

B L =9 C=d, Ly = a3

T 0 0 0
[ 1 -1 1] L)+ aLl +tL1p1(6) C” — g5+t py6) L, + 8L2 +thp3(6)

T 0 0 0

(1 1 1] L1+a[1+tL1p1(8) C™+ ey +t: py8) L2+3L2+tL2p3(8)
0 0 0

[—1 —1 —1] Ll—aL1+tLlp1(1) C™ — e+t p,(1) L2—8L2+tL293(1)

T 0 0 0
[-1 1 -1 L/ - a, +tLlp1(3) C'+ey+topy3)  Ly— 2, +tL293(3)
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there are three subroutines specifically written for the LC filter problem. These are FIDFI,
SIMGRD, and SOLLU. These subroutines serve the following purposes.

Subroutine FCD calculates the values of the objective function F, its gradient G, the
constraint functions fj(x), and their derivatives 9fj(x)/dx; at the point x corresponding to x(1),
x(2), ..., x(N). Subroutine FIDFI uses the information about critical vertices to evaluate ¢
from the 21 variables and finds d¢/9x;. Subroutine SIMGRD simulates the LC network and
its adjoint to evaluate insertion loss and its derivatives with respect to ¢ at different
frequencies. Therefore, it provides the necessary information for calculating 10 nonlinear
constraints and their gradients. Subroutine SOLLU uses Crout’s algorithm for LU
factorization with forward and backward substitution to solve Y V = B for V, given Y and B.
A block diagram illustrating the interaction of the subroutines is shown in Fig. 5.

The main subroutine (MFNC1A) is available as a group file LIBRMFN under the
charge RIWBAND. The sequence of NOS commands to use the package may be as follows:

/GET,LIBRMFN/GR.

/LIBRARY,LIBRMFN.

/FTN,...,GO.

Fortran listing for LCMFN starts on page 59. The following three actual outputs show
the starting points and the solutions for three values of constant ¢ in the objective of (31),

using LCMFN. The outputs correspond to ¢ = 50, ¢ = 20, and ¢ = 10, respectively.
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MAIN
(LCMFN)

FCD

SOLLU

MFNC1A

FIDFI

Fig. 5. Structure of the main program and the auxiliary subroutines for LCMFN.




DATE :

83/67/11.
MINIMIZATION WITH NONLINEAR CONSTRAINTS

LC FILTER PROBLEM

INPUT DATA

NUMBER OF VARIABLES (W) . .

-

19

TIME :

. . . . o e e .

NUMBER OF EQUALITY CONSTRAINTS (LEQ@. . . . .

TOTAL NWUMBER OF CONSTRAINTS (L) . . . . . . .

ACCURACY

(EPSy . . . . . .

.

. . e . . . e .

MAX NUMBER OF FUNCTION EVALUATIONS (MAXF) . .

WORKING SPACE (IW) . . . .

PRINTOUT
STARTING

Pt et
= Q@O0 AN OB R -

12
i3
i4
15
16
17
18
19
20

21

CONTROL (IPRY . .
POINT.
VARIABLES

2.000000090900L+00
1.6050000500005E+99
2.06097000000000E+00
2.009000000000E-91
2.0000090006600E-91
2.000000000900E-01
1.000009960009E~-0 1
1.005000090000E-91
1.002000609006990E-91
1.0090000006009E+59
1.699006000000E+00

-1.0099900990000E+09
-1.00D000056000E+69
-1.0665900006000E+09
-1.009000030000E+00

1.000900009000E+00
1.003000090000E+99
1.003930020090E+00

-1.9290%000099000E+09

1.9000000690C00060E+60
1.000996090909E+00

.

. . . . . ¢ e . .

- . . . e . « . .

11.18.11.
(MFNC PACKAGE)

OBJECTIVE FUNCTION

GRADIENT

3.7500000990E+00
-2.8421769430E~-14
3.7500069000E+90
-5.00006000000E+901
-2.5000000099E+91
-35.0009999600E+01
2.5209009090E+91
3.0500000000E+01
2.35000002900E+01
0. ‘

3.

6.

2.

9.

9.

9.

Q.

9.

0.

9.

9.

1
2
3
4
5
6
7
8

9
io
11
12
18
14
15
16
i7
i8
19
29
21
22
23
24
25
26
27
28
29
30
31
32
38
34
35
36

PAGE :
(v:382.6

1.0600E~

e |
50

. . e e e o e

. . . . * e e

3.5000000900000E+0 1
CONSTRAINTS
2.038374977360E-01

1.562593538221E-01
1.588589687292E-61

-9.711370323346E-01

1.7614688183653E+900
1.6581770123153E+90
1.691304927772E+00
1.158746994374E+00

-1.3295954138565E+00

4.530984956314E+00
1.999509002090E+60
9.999099000660E-91
1.999209905000E+00
1.999099990009E~01
1.999900002906E-01
1.999990089060E~01
1.000299090000E~01
1.0609200%00090E~-01
1.009200095000E-01
2.000902009990LE+20
2.600300900000E+00
3.

9.

9.

9.

2.00979090%000E+00
2.0099990062000E+09
2.0005990009080LE+00
9.

2.6600060009000E+00
2.0090909099000E+060
9.

9.

2.000309099000E+00
2.009390009000E+00
2.000000060000E+00

1
3)

43
L2}
26
00

o
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DATE : 83/07/11. TIME : 11.18.11. PAGE : 2
MINIMIZATION WITH NONLINEAR CONSTRAINTS (MFNC PACKAGE) (V:82.05)

LC FILTER PROBLEM

37 2.0009900600000E+00

38 9.

3 0.

40 0.
41 2.0000006006G00E+99

42 9.

43 Q.

SOLUTION
OBJECTIVE FUNCTION : 2.639283669757E+01
VARIABLES GRADIENT CONSTRAINTS

1 2.06569588406499E+60 2.6866251766E+00 1 2.0493007477 19E-02
2 5.075814424827E-01 -1.2609851546E+60 2 1..238502189280E-69
3. 2.066955719104E+00 2.6366182747E+009 3 6.095733825890E-02
4 3.722141848172E-01 -1.4219215565E+01 4 3.203183496225E-99
5 1.283510892962F-01 -5.5091747771E+01 5 =-1.01258592¢219E-08
6 3.722151410242E-61 -1.4919116382E+01 6 9.70051312%9670E~-01
7 5.295386570103E-14 2.4190128522E+91 s 9.659931855141E-91
8 1.491244651853E-01 5.5091474615E+01 8 9.954229795973E~-01
9 2.205686290469E-16 2.4190165052E+01 2 5.562316198332E-01
190 3.8823146292252E-01 0. i6 . 2.670853923816E+99
11 1.0002900900000E+09 9. 11 2.066338840499E+99
12 -1.0006000900605+00 0. 12 9.074314424827E-01
13 =9.915777429289E-01 9. i3 2.066855719104E+900
14 -1.090%0900006690E+09 a. 14 3.721141848172E-91
15 -1.0909060050000E+00 0. 15 1.282510802962E-01
i6 9.813804117187E-01 9. 16 3.721151410242E-01
17 1.002060000000E+00O 9. 17 5.293386579163E-14
18 9.743995827064E-01 9. 13 1.491244651853E-81
19 -9.728818965723E-01 9. 19 9.205586290409E~16
20 6.356249743061E-91 0. 206 1.388231469225E+00
21 1.005900060090E+69 9. 21 2.000050009000E+00

22 7.105427357601E~15
23 8.422257075106E-93
24 2.1316282067280E~14
25 a.

26 1.981386411719E+0@
av 2.9%00599005000E+069
28 1.974009582796E+00
29 2.711510342768E-02
30 1.635624974306E+09
31 2.000000000800E+00
32 6.117585307748E-91
33 2.842170943040E- 14
34 2.0000090060900E+00
35 1.991577742924E+00
3 2.000090009900E+00
37 2.590000000000E+00
38 1.861958828128E-62
30 7.105427357601E~15
29 2.599041729356E~-02
41 1.972881896572E+90
42 5.643750256939E-01
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DATE : 83/67/11. ' . TIME : 11.18.11. PAGE : 3
MINIMIZATION WITH NONLINEAR CONSTRAINTS (MFNC PACKAGE) (V:82.03)

LC FILTER PROBLEM

" 43 1.42108547 1529E~ 14

TYPE OF SOLUTION C(IFLAG) . . . . . v v ¢ v v v v v e e e e e e e e e o 4]
NUMBER OF FUNCTION EVALUATIONS . . . . . . « ¢ v v v v v v v v v v v v 21
NUMBER OF QUADRATIC ITERATIONS . . . . . © ¢ v v v v v v v v v v e . 13

EXECUTION TIME (IN SECONDS) . . . . . +. ¢ v v ¢« v v « v e v v v v v . .29.891



DATE :

83/67/11.
MINIMIZATION WITH NORLINEAR CONSTRAINTS (MFNC PACKAGE)

LC FILTER PROBLEM

INPUT DATA

NUMBER OF VARIABLES (N) . .

22

TIME :

s e e . - e e e

NUMBER OF EQUALITY CONSTRAINTS (LE@). . . . .

TOTAL NUMBER OF CONSTRAINTS (L} . . . . . . .

ACCURACY (EPS) . . . . . .

e e . . . . .

MAX NUMBER OF FUNCTION EVALUATIONS (MAXF) . .

WORKING SPACE (IW) ... . .

PRINTOUT CONTROL (IPR) . .

STARTING POINT.

Pk,
SORNONCTRWN =

16
17
18
i9
29
21

VARIABLES

2.0000000909000E+00
1.060060000000E+90
2.000000000000E+00
2.0009006000000E~01
2.000000090000E-01
2.000000000060E-01
1.0000000900060E-01
1.0050006060600E-01
1.000060000000E-01
1.000060008000E+09
1.6900000020000E+60

~-1.009000030990E+00 -

-1.600909000000E+00
~-1.0090966900060E+30
-1.06030000000600E+00
1.0096606090000E+60
1.06063000000000E+00
1.0600000000000E+00
-1.600000003900E+069
1.006900060060000E+060
1.063000000000E+00

. . . . . ¢ e e .

. . o e . . LY .

OBJECTIVE FUNCTION

GRADIENT

4.5000006900E+00
3.0005900000E+060
4.5200000000LE+69
-5.90900000000E+61

© =2.5000090000E+01

-5.00909000000E+91
1.0900009090E+01
2.0000000000E+01
1.00090009000E+01
9.
9.
9.
Q.
9.
9.
9.
0.
0.
0.
0.
9.

11.26.36.

PAGE :
(v:82.0

1.0608E~

B
T |
. 1

. « e ¢ e e . . .

2.906000000000E+0 1

.o

CONRSTRAINTS

2.0358374977369E-01
1.562E898538221E~-061
1.588580687292E-01
=9.711370323349E-01
1.761468818365E+00

1.658177013315E+00
1.091504927772E+00
1.158746604374E+09
. =1.329595412865E+09
10 4.330284956314E+00
11 1.999900000000E+09
12 9.9993060606%9060E~-01
13 1.999900000999E+00
14 1.9996000090006E-01
i5 1.999000005099E-91
i6 1.999098600090E-01
17 1.0060060009806E-01
18 1.0000096005069E-01
19 1.080000900000E~-01
20 2.000590000000E+00
21 2.000200000000E+09
22 9.

OO NS TR DN =~

23 0.
24 9.
25 9.

26 2.0000000009000E+06
27 2.90000000C060E+060
28 2.0006500000999E+Q0
29 9.

30 2.0005C00090006L+09
31 2.000500000000E+09
32 9.

38 .

34 2.0005000069000E+00
35 2.92900000099000E+09
36 2.000509008990E+069

1
5)

43
06
00
00

%]



DATE :

83,97/11.
MINIMIZATION WITH NONLINEAR CONSTRAINTS (MFNC PACKAGE)

LC FILTER PROBLEM

SOLUTION

-t
—_OOMANNU R CON -

CONNGDWN

29
21

VARIABLES

2.189105558285E+00
9.196994178133E-01
2.189111889675E+00
6.110210494223E-01
2.0656510328401E-01
6.110196267464E-01
-4.885142493948E- 14
3.441756793447E-01
2.273747537106E~ 14
7.236786744035E-01
1.0000000606000E+90
-1.000000030600E+60
-9.952202271624E-01
-1.9009000000000E+30
-9.9156366748673E-01
9.951065855990E-91
9.993996999999E-0 1
9.422755666244E-01
-8.489769476598E-01
4.025430061518E-01
7.025830421173E-01

23

TIME : 11.26.36.

37
38
39
40
41
42
43

PAGE : 2
(V:82.05)

2.000000000009E+09
0.
9.
9.
2.000%00009000E+00
0.
0.

OBJECTIVE FUNCTION : . 1.969262271865E+91

GRADIENT

1.6366048288E+00
-3.2754062054E+060

1.6366086394E+09
-5.8393590326E+09
-2.1746237236E+01
-5.8394031835E+00.

9.1738677166E+069

2.17462353360E+01

9.1738410743E+60

9.

9.

9.

9.

2.

0.

Q.

0.

9.

Q.

Q.

9.

1
2
3
4
5
6
7
8
9

11
i2
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

CONSTRAINTS

7.691483006056E-10
1.038556855426E-01
3.216125529296E-01
4.147580057179E-09
=4.133767106396E-69
1.172350938347E+09
1.185419740 199E+00
1.223132971i563E+00
9.228411169545E-92
1.844712169127E+00
2.1809%05558285E+00
9.195994178133E-01
2.180011889675E+00
6.109210494223E-01
2.0555103284901E-01
6.109196267464E~-01
-4.885142493648E~14
3.441756793447E~-01
2.273747537166E~-14
1.7235678674403E+00
2.000000000900E+00
2.131628207280E-14
4.7797728976 14E-03
2.842170943040E~ 14
&.363325132727E-63
1.995106585599E+69
2.000000000000E+90
1.942275566624E+00
1.51029052%482E-01
1.402543006 152E+99
1.702585042117E+00
2.763213255965E-01
=7.81597V009336 1E~-14
2.000000069690E+00
1.9935220227 192E+00
2.000000009009E+60
1.991636674867E+00
4.893414400975E-903
6.394884621841E-14
5.772443337555E-902
1.848970947060E+60
5.974569935482E-01



DATE : 83/97/11.

TIME

MINIMIZATION WITH NONLINEAR CONSTRAINTS

1LC FILTER PROBLEM

TYPE OF SOLUTION (IFLAG) . . .
NUMBER OF FUNCTION EVALUATIONS
NUMBER OF QUADRATIC ITERATIONS
EXECUTION TIME (IN SECONDS) . .

.

24

: 11.26.36. PAGE : 3
(MFNC PACKAGE) (V:82.05)

43 2.974169578827E~-01

Ce e e e e e e e e e e e e . . 9
L T 22
e e e e e e e e e e e e e e e e e 16
© e e s e s e 4 s e e 4 e 4 . . . 8B.716



DATE :

83/67/11.
MINIMIZATION WITH NONLINEAR CONSTRAINTS

LC FILTER PROBLEM

INPUT DATA

NUMBER OF VARIABLES (N) . .

25

"TIME :

e s . . . o .

NUMBER OF EQUALITY CONSTRAINTS (LE@. . . . .
TOTAL NUMBER OF CONSTRAINTS (L) . . . . . . .
ACCURACY (EPS) . . . . . . e e e e e e e

MAX NUMBER OF FUNCTION EVALUATIONS (MAXF) . .

WORKING SPACE (IW) . . . .

PRINTOUT
STARTING

SOOD'\IG\UI»L‘-CON_

11

CONTROL (IPR) . .
POINT.
VARIABLES

2.0000000690009E+69
1.000000000000E+60
2.0000006906990E+00
2.900099000600600E-01
2.00006000000005-01
2.005000006000E-01
1.000000090600E~-91

" 1.000000009000E-01

1.003000009990E-01
1.0600600000000E+00
1.0056800000000E+00

12 ~1.0000009099929E+00
18 ~-1.000000000009E+00
14 -1.003090000000E+69
15 ~1.009809000000E+00

i6
17
18

1.8095096000000LE+09
1.000000630090E+00
1.002000056090E+00

19 -1.009090000699E+00

- 20
21

1.0000009000990E+060
1.0000690093000E+00

e o s e e e e e o

. . . . . . o .

OBJECTIVE FUNCTION

GRADIENT

4.75000090900E+00

4.0000000000E+30

4.7360000000E+29
=5.0969006960E+01
-2.50200000000E+01
-5.0000009900E+01

5.0000009099E+90

1.0000000000E+01

5.0090000990E+00

9.

0.

9.

9.

9.

9.

9.

9.

0.

9.

9.

9.

11.34. 14.
{MFNC PACKAGE)

OO NS U CODN

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

PAGE :

1

(V:82.05)

1.0068E~
T |
e s e s . . . 5O
2.700900000000E+0 1
CONSTRAINTS
2.038374977360E-01

1.5023935338221E-91
1.3588589687292E-91

- =9.,711370323340E~-01

1.761468818365E+99
1.058177013315E+00
1.091964927772E+09
1.158746064374E+90

-1.329505413865E+99

4.530084956314E+00
1.999500090000E+00

43
06
00
00

o

9.9990660069600E-01

1.999900002069E+00
1.999906060000E-01
1.99%9000099990E-91
1.999290609000E~-91
1.0600000696990E~91
1.000090009609E-91
1.060300006000E~91
2.000000005090E+99
2.000500009600E+90
9.
2.
3.
9.
2.00000900C090E+00
2.089300000000E+00
2.6069900000090E+00
D.
2.000%00005000E+00
2.90000000090000LE+00
9.
9.
2.000000000000E+00
2.000600000000E+60
2.900600009009E+00
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DATE : 83/07/11. TIME : 11.34.14. PAGE : 2
MINIMIZATION WITH NONLINEAR CONSTRAINTS (MFNC PACKAGE) (V:82.05)

LC FILTER PROBLEM

37 2.000200600000E+00

38 8.
39 g.
' 40 9.
41 2.000209060990E+00
42 D.
43 9.

SOLUTION

OBJECTIVE FUNCTION : 1.431338743674E+01

VARIABLES GRADIENT CONSTRAINTS

i 2.479622102908E+00 9.8424003521E-01 1 =-1.835025718465E-97
2 9.083115192866E-01 -3.4215814589E+90 2 38.854924509296E-01
3 2.472686273008E+00 9.8419167396E-01 3 B8.999418109616E-01
4 1.016012318360L+00 -2.4020804687E+00 4 9.8285679647525E-09
S5 2.872357635403E-01 —1.1069251592E+91 5 =8.716081664606E-99
6 1.916062243213E+09 -2.4912007694E+09 6 1.184419260254E+90
7 —1.857376377676E-14 4.9328725850E+00 K4 1.183937913816E+00
& 5.6952155308341E-01 1.1969438709E+01 8 1.204372563283E+69
9 -1.283407367241E~-15 4.03277797O9E+00 9 $.345856019515E-061
10 5.655882145085C5-91 9. 10 -3.400941750442E-09
11 1.0690000020000E+60 9. 11 2.479322102998E+060
12 -9.4649209%96361E-01 0. i2 9.082115192866E-91
13 -9.999468945276E-01 0. 13 2.479580278098E+00
14 -1.00D090990900E+00 9. . 14 1.915912818366E+09
15 -1.000000090060E+00 0. 15 2.871357635403E~-01
16 9.993818546336E~-01 9. 16 1.015%62243213E+90
17 1.005000090000E+060 0. 1?7 =1.85737637V7676E~-14
i8 9.977469236730E-01 9. 18 5.695215538341E~-61
19 -4.1324278353367E-91 0. 1 -1.285467367241E~-15
20 -8.691458957342E-93 6. 29 1.565388214509E+00
21 7.965945025993E-01 9. 21 2.000900009099E+09

22 5.350790835388E~-02
238 5.910547238130E-05.
24 4.26325641456 1E-14
25 -2.842176943040E~ 14
26 1.999381854654E+900
27 2.0090090000099E+00
28 1.9977V46923673E+09
29 5.867572164633E~-61
30 9.913983419427E-91
31 1.796594582599E+00
32 4.341117854915E~-01
33 D.

34 1.946492099636E+90
35 1.999920894528E+090
36 2.000990002000E+00
37 2.0006900007000E+00
38 6.181453464364E-04
39 4.973799159321E~14
49 2.2353976327930E~03
41 1.413242783537E+00
42 1.068691458957E+60
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DATE : 83/07/11. TIME : 11.34.14. PAGE : 3
MINIMIZATION WITH NONLINEAR CONSTRAINTS (MFNC PACKAGE) (V:82.05)

LC FILTER PROBLEM

43 2.034954974907E~01

TYPE OF SOLUTION (IFLAG) . . . . v v v v v v v v e e e o e s s 0
NUMBER OF FUNCTION EVALUATIONS . . . . . v & o o o v o . . . e e e e . 25
NUMBER OF QUADRATIC ITERATIONS . . . . . . . v v v v v v v v v v v v 19

EXECUTION TIME (IN SECONDS) . . . . . . . . v 4« v v v v v v v v v v . . 45.920
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2. Program LCMML

A nonlinear programming problem, i.e.,
minimize U(}) (34)
subject to
gid) =0 i=1,2,...,m (35)

can be formulated as a minimax problem in the following way [13]:

minimize V(¢,a) = max [U(P), U(d) — a; gi(P)], (36)
where
allagag... apl” (37)
and
a; >0, i=1,2,...,m. (38)

In particular, for the LC filter problem, we use the objective function defined previously
and 10 nonlinear constraints to form 11 functions for a minimax problem. The constant value
of a = 10 is used throughout. The other 33 constraints can be formulated in the main
program in matrix form since they are linear.

The program uses subroutine MMLC1A. A main program and subroutine FCD provide
the information for MMLC1A. Subroutines FIDFI, SIMGRD, and SOLLU are exactly the
same subroutines used for MFNC package. Subroutine FCD is different from the one for
MFNC, and calculates the values of 11 residual functions fj(x) and their derivatives ofj(x)/9x;
at the point x.

The block diagram for the interaction of subroutines is similar to Fig. 5 with MMLC1A
replacing MFNCiA. Subroutine MMLC1A is available as a group file LIBRMML under the
charge RIWBAND. The sequence of NOS commands to use the package may be as follows:

/GET,LIBRMML/GR.

/LIBRARY,LIBRMML.

/FTN,...,GO.
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The Fortran listing for LCMML starts on page 63. The following three actual outputs
show the starting points and the solutions for three values of constant ¢, using LCMML. The

outputs correspond to ¢ = 50, ¢ = 20, and ¢ = 10, respectively.
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DATE : 83/07/14. TIME : 13.50.01.
LINEARLY CONSTRAINED MINIMAX OPTIMIZATION (MMLC PACKAGE)

LC FILTER PROBLEM

INPUT DATA

NUMBER OF VARIABLES (N> . . . . . . . . .
NUMBER OF FUNCTIONS (M . . . . . . . . .
TOTAL NUMBER OF LINEAR CORSTRAINTS (L) .
HUMBER OF EQUALITY CONSTRAINTS (LEQ@) . .
STEP LENGTH (DX) . . . . « « « « o« o« o« &
ACCURACY (EPS) . . . ¢ v ¢ v o o « o o &
MAX NUMBER OF FUNCTION EVALUATIONS (MAXF)
NUMBER OF SUCCESSIVE ITERATIONS (XEQ@S) .
WORKXING SPACE (IW) . . . . . . . . . . .

PRINTOUT CONTROL (IPR) . . . . . . . . .

STARTING POINT :

VARIABLES

2.000000000000L+00
1.000000000000E+00
2.000000000000E+00
4.000090000000E-01
2.000000000006E-01
4.000000000000E-01
1.900000000909E-02
1.0900699000960E-91
1.0000990000000E-22
-1.000000000000E+09
1.0098050000000E+00
=1.0080000000090E+00
-1.0000000009900E+00
=1.000000000900E+00
-1.690000000000E+00
1.0000006000000E+00
1.00009700009090E+00
1.00060000009900E+00
1.060000000990E+00
-1.000000000060E+00
21 1.00009900¢0900E+00

ook pd ok ok ok ek ek ok ot ok
CONOUDBON~OORNANGD W=

N
[

SOLUTION

VARIABLES

1 2.966957689956E+00
2 9.075814509833E-01

PAGE : 1
(V:82.064)

s e s s 4+ s e+ e + . 1.000E-01
c + < 4 e + 4 e + e« . 1.00RE-06
e s s e s s e e s s e s . . 100

FUNCTION VALUES

2.036103081994E+01
2.075342909785E+01
2.638365388158E+061
4.854468761818E+01
3.328140798737E+01
1.044090454821E+91
1.856729521494E+01
1.040556001253E+01
1.094995176769E+01
1.182165687245E+91
2.050090300990E+9 1

= QOO WN -~

Ll d

FUNRCTION VALUES

1 2.618786002738E+91
2 2.639283676328E+01
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DATE : 83/07/14. TIME : 13.50.01. PAGE

LINEARLY CONSTRAINED MINIMAX OPTIMIZATION (MMLC PACKAGE)
LC FILTER PROBLEM

3 2.066957634343E+00 3 2.5783258722375+21
4 3.722155598539E-01 4 2.6892836760312°+01
3 1.283514248823E-01 5 2.639283670359E+91
6 3.722154408380E-61 6 1.883260260326E+901
K4 Q. 7 1.93569805 1880E+61
8 1.491252263368E-01 8 1.956450588789%9E+01
9 0. 9 1.184782736838E+61
10 -9.998564100021E-01 19 2.639283670179E+61
11 1.000000000000E+00 11 2.639283670336E+01
12 -9.998564100021E-01
13 -9.992439474718E-01
14 -1.0000099000000E+00
15 -9.992439474718E-01
16 9.984195142677E-01
17 1.000000000000E+00
13 9.984195142677E-01
19 9.998167127124E-01
29 =-7.213911828030E-01
21 9.998167127124E-01
TYPE OF SOLUTION (IFALL) . . . ¢ ¢ « v ¢ o o o o o o o o« o o« o o o
NUMBER OF FUNCTION EVALUATIONS . . . . & 4 o o ¢ ¢ o o« o o o o o o .
NUMBER OF SHIFTS TO STAGE-2 . . . . . . ¢ v v o 4 o o s o o o o o o 4

EXECUTION TIME (IN SECONDS) . . . . ¢ ¢ v v ¢ o o o o o o o o o o o &
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DATE : 83/07/14. TIME :

LC FILTER PROBLEM

INPUT DATA

NUMBER OF VARIABLES (M) . . . . . . . . .
NUMBER OF FUNCTIONS (MD‘. e e e e e e e
TOTAL NUMBER OF LINEAR CORSTRAINTS (L) .
NUMBER OF EQUALITY CONSTRAINTS (LE®@ . .
STEP LENGTH (DX) . . . . . . . « « o « .
ACCURACY (EPS) . . ¢ ¢ 4 ¢ ¢ o o o o o &
MAX NUMBER OF FUNCTION EVALUATIONS (MAXF)
NUMBER OF SUCCESSIVE ITERATIONS (KEQS) .
WORKING SPACE (IW) . . . . . . . .« + . .
PRINTOUT CONTROL (IPR) . . . . . . . . .
STARTING POINT :
VARIABLES

2.000000000500E+00
1.000000000000E+00
2.000000000000E+00
6.000000000000E-01
2.000000000000E-01
6.000000000000E-01
5.000000000000E-02
3.000000000000E-01
5.000000000000E-02
-1.000000000000E+00
1.000000000900E+00
-1.0000000009000E+00
-1.000000000000E+00
-1.000000000900E+00
~1.000000000990E+00
1.000000000900E+00
1.000000000000E+00
1.0006000000900E+060
1.000000000000E+00
-1.000000000000E+00
21 1.0000060000900E+00

DO bt bt ok ok ok ok ok ke ok ’
PO NONAUN=OONNNNRCN -~

SOLUTION

—— s o o

VARIABLES

1 2.180106625293E+00
2 9.196992928945E-01

11.57.48.
LINEARLY CONSTRAINED MINIMAX OPTIMIZATION (MMLC PACKAGE)

PAGE : 1
(V:82.04)

1.000E-01
1.009E-06

FURCTION VALUES

1 1.603857319932E+01
2 1.525290820799E+01
3 1.353122666402E+01
4 2.626172263935E+01
5 2.866116025756E+01
6 9.064315526223E+00
7 9.574559048255E+00
8 9.891977620785E+00
9 3.792538734943E+00
U] 5.051744397275E+01
1

1
1 1.866666666667E+01

FURCTION VALUES

1 1.909262271222E+01
2 1.805408801912E+01



DATE : 83/07/14.

LINEARLY CONSTRAINRED MINIMAX OPTIMIZATION (MMLC PACKAGE)

LC FILTER PROBLEM

33

TIME :

3 2.18010662529 1E+00
4 6.110166665287E-01
5 2.056510139774E~-01
6 6.110166663377E-01
7 0.
8 3.441739856866E-01
9 0.
106 -9.998636156382E-01
11 1.000000000000E+00
12 -9.998636156381E-01
13 =-9.997371971152E-01
14 -1.000000000000E+00
15 =-9.997371971152E-01
16 9.997374236533E-01
17 1.000000000000E+00
18 9.997374236533E-01
19 9.998391183443E-01
20 -1.956410114967E-01
21 9.998391183443E-01
TYPE OF SOLUTION (IFALL) . . . . . . .
NUMBER OF FUNCTION EVALUATIONS . . .
NUMBER OF SHIFTS TO STAGE-2 . . . . . .

EXECUTION TIME (IN SECONDS) . . . . .

11.57.48.

o

—-© 0@~

PAGE : 2

1.587654610112E+061
1.90926227 1222E+01
1.909262271222E+01
9.091839454992E+00
2.306510951834E+00
9.254343811983E+00
6.991186832635E+00
1.909262271222E+01
1.909262271222E+01

(V:82.04)

. 1
. 33
. 2
11.466
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.

-
.

DATE : 83/07/11. TIME
LINEARLY CONSTRAINED MINIMAX OPTIMIZATION

LC FILTER PROBLEM

INPUT DATA

NUMBER OF VARIABLES (IN)

. e o e o e e .

. . . e s e -

NUMBER OF FUNCTIONS (M
TOTAL NUMBER OF LINEAR CONSTBAINTS (L)
NUMBER OF EQUALITY CONSTRAINTS (LEQ)

.

STEP LENGTH (DX)

. . .

ACCURACY (EPS)
MAX NUMBER OF FUNCTION EVALUATIONS

e ¢ e e ¢ e

(MAXF
NUMBER OF SUCCESSIVE ITERATIONS (XE@S)
WORKING SPACE (IW)

o o . e e e . .

PRINTOUT CONTROL ( IPR)

. . o . .

STARTING POINT :

VARIABLES
1 2.090090000090E+00
2 1.0006000000900E+00
3 2.0000000099909E+930
% 6.0006000000000E-01
5 4.000000000000E-9 1
o 6.000000000000E-01
7 5.000050000009E~-02
8 5.000009900090E-9 1
9 5.000090000000E~-02
19 -1.090099000000E+20
11 1.006000000300E+00
12 -1.006006000060900E+%0
18 -1.0006900000360E+00
14 -1.9006000090090E+00
15 -1.009%9000000006E+99
16 1.000000000000E+00
17 1.0000090000000E+90
18 1.0000900002990E+90
19 1.000090000009E+G0
29 -1.000000000000E+00
21 1.0000690000980E+00
SOLUTION
VARIABLES
1 2.47963524159 1E+00
2 9.083082799714E-01

11.45.50.
(MMLC PACKAGE)

PAGE 1
(V:82.04)

21
11

33
o

- o e

1.008E-01

1.009E-06

) 166

5000

FUNCTION VALUES

1.2063837319932E+61
1.125298820799E+91
9.531226664923E+00
2.226172263%36E+01
2.466116025756E+01
5.064315526223E+90
5.374559048255E+00
5.891977629785E+90
-2.074612659563E-01
4.651744307275E+01
1..466666666667E+01

~OORNNGT R WN -~

[y

FUNCTION VALUES

1.431338749404E+01
1.045816495277E+01

[N
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DATE : 83/07/11. TIME : 11.45.50. ) PAGE : 2
LINEARLY CONSTRAINED MINIMAX OPTIMIZATION (MMLC PACKAGE) (V:82.04)
LC FILTER PROBLEM
3 2.479685237789E+80 3 5.313417478%246E+60
4 1.016076147414E+00 4 1.431338749494E+91
5 2.872322983423E-91 5 1.431338749494E+61
6 1.016076158355E+90 6 2.461982993535E+20
s 9. s 2.465437320096E+90
8 5.695279591497E-01 8 2.259839988292E+90
9 9. 9 6.015324366507E+20
18 -9.998796394084E~-01 19 1.422592445029E+91
11 1.0000000006000E+39 11 1.431338749494E+01
12 -9.998796394692E~-901
13 -9.9962807521608E-01
14 -1.06000009000090E+00
15 -9.996280752160E-01
16 9.993627042182E-91
17 1.000000000290E+6G0
18 9.9999382481925E-91
19 9.9969629320889E-91
20 -6.916176057441E-93
21 9.996962932009E-901
TYPE OF SOLUTION (IFALL) . . . . . .+ v v v v v e e e e e e e e e e 1
NUMBER OF FUNCTION EVALUATIONS . . . . © © « v v v v v v v v v e e e u 38
NUMBER OF SHITTS TO STAGE-2 . . . . . + + v v v v v v v v v e e e e e 3

EXECUTION TIME (IN SECONDS) . . . . . . . v 4 v v v v v v v v v v v v . 12.239
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3. Program LCMNS and Associated Text Files

This program uses the package MINOS. Again, we have the nonlinear programming
problem defined in Section III with 10 nonlinear and 33 linear constraints. All linear
constraints are upper or lower bounds on 21 variables and are treated in a special way using
data files.

The program consists of:

(a) the main segment that defines input, output and working files, and calls the main
subroutine (MINOS1);
(b)  subroutine CALCFG which evalﬁates the objective function F and its gradient at point

X;

(c) subroutine CALCON which evaluates nonlinear constraints f; and of/9x;, i=1, ..., 10, j
=1,..,21
(d)  subroutines FIDFI, SIMGRD, and SOLLU are the same as in the previous programs.

In addition, a data file provides the appropriate SPECS and MPS data. SPECS data
contain the keywords and values to define various optimization parameters. The MPS data
contain bounds for variables and the definition of the starting point. The MPS data are
defined in the format accepted by the IBM Mathematical Programming Systems MPS/360,
MPSX and MPSX/370.

Since MINOS can be used in batch jobs only, a job description for the SUBMIT
command may be written on a separate file, e.g., JCLMNS, and the NOS command
/SUBMIT,JLCMNS,Q=... is sufficient to run the program. The listing for JLCMNS is shown
after the listings for LCMNS and the corresponding data file.

A block diagram for the interaction of subroutines is shown in Fig. 6.

The Fortran listing for LCMNS starts on page 67. It is followed by SPECS and MPS
data, and JLCMNS. The following output represents the actual output corresponding to ¢ =
50 for MINOS. Due to the size of output, the actual outputs for ¢ = 20 and ¢ = 10 are not

shown, however, Tables V and VI contain MINOS results for these two cases.
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MAIN
(LCMNS)
SIMGRD CALCON MINOS1 DATA
FILES
SOLLU FIDFI CALCFG

Fig. 6. Structure of the main program, auxiliary subroutines and data files for LCMNS.
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V. DISCUSSION OF RESULTS

The cost function in (31) contains a constant ¢. The problem has been solved for three
values of ¢; ¢ = 50, ¢ = 20, and ¢ = 10, using all three packages. Tables IV, V and VI
summarize the results.

Comparison of results shows that all three packages have succeeded in solving the
problem and have produced identical results. The observed discrepancies in values of slack
variables p, and p, are insignificant since they correspond to settings of tuning parameters
for which tuning is zero.

Tables of results include information about the number of function evaluations and the
computation time required to reach the solution. These are the most common criteria used to
evaluate the relative effectiveness of programming methods [3].

The advantage gained in the general formulation of the problem, in which tolerancing
and tuning parameters are assigned for all three components, is that the optimization
automatically chooses the most appropriate component for tuning. This is C in the objective of
(31).

The choice of starting point for MMLC package is important. Although the starting
point could be reasonably far from the solution, only symmetrical starting points (identical
values for L; and L9 parameters) tend to result in symmetrical solutions. Also, for the case ¢
= 10, the solution for MINOS can be obtained only with strict bounds and appropriately
chosen starting values for variables in the MPS data. In other cases, there is a reasonable

flexibility in selection of starting points.

VI. CONCLUSIONS
A wide range of practical engineering design problems can be solved using the three
packages presented. The LC filter problem not only introduces the concepts of design
centering, tolerancing and tuning, but also could serve the purpose of familiarization with the

three packages. Apart from the basic descriptions of the three packages, which are
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TABLE IV

OPTIMAL TUNING DESIGN OF THE L.C LOW-PASS FILTER FOR ¢ = 50

Solution MFNC MMLC MINOS
L0 = Lg0 2.06696 2.06696 2.06696
co 0.90758 0.90758 0.90758
100 £1/L10 = 100 3/L90 18.01% 18.01% 18.01%
100 £9/CO 14.14% 14.14% 14.14%
100 t1/L10 = 100 t3/Lo0 0.00% 0.00% 0.00%
100 t9/CO 16.43% 16.43% 16.43%
p,(6) 0.38823 -0.99986 1.00000
p4(6) 1.00000 1.00000 1.00000
p4(6) -1.00000 -0.99986 -0.18572
p4(8) -0.99158 -0.99924 -1.00000
p5(8) -1.00000 -1.00000 -1.00000
p5(8) -1.00000 -0.99924 -1.00000
p, (D) 0.98138 0.99842 0.94822
py(1) 1.00000 1.00000 1.00000
ps(1) 0.97401 0.99842 1.00000
p,(3) -0.97288 0.99982 -0.99061
p4(3) 0.63562 -0.72139 0.60476
p5(3) 1.00000 0.99982 1.00000
Cost Function 26.39284 26.39284 26.39284

Number of

Function 21 42 185 (obj.)
Evaluations 191 (con.)
Time(s)# 29.9 11.3 16.1

# Execution time (seconds) on CYBER 170/730.
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TABLE V

OPTIMAL TUNING DESIGN OF THE LC LOW-PASS FILTER FOR ¢ = 20

Solution MFNC MMLC MINOS
L0 = Ly0 2.18011 2.18011 2.18011
Co 0.91970 0.91970 0.91970
100 £1/L10 = 100 e3/Lo0 28.03% 28.03% 28.03%
100 g9/CO 22.36% 22.36% 22.36%
100 t1/L10 = 100 t3/Lo0 0.00% 0.00% 0.00%
100 to/CO 37.42% 37.42% 37.42%
p,(6) 0.72368 -0.99986 1.00000
p4(6) 1.00000 1.00000 1.00000
p4(6) -1.00000 -0.99986 -1.00000
p,(8) -0.99522 -0.99974 -1.00000
py(8) -1.00000 -1.00000 -1.00000
p3(8) -0.99164 -0.99974 -1.00000
P (D 0.99511 0.99974 1.00000
po(1) 1.00000 1.00000 1.00000
p4(1) 0.94228 0.99974 0.41190
p,(3) -0.84897 0.99984 -1.00000
py(3) 0.40254 -0.19504 0.43813
p3(3) 0.70258 0.99984 -0.36889

Cost Function 19.09262 19.09262 19.09262

Number of

Function 22 33 143 (obj.)

Evaluations 149 (con.)

Time(s)# 38.7 11.5 13.7

# Execution time (seconds) on CYBER 170/730.
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TABLE VI

OPTIMAL TUNING DESIGN OF THE LC LOW-PASS FILTER FOR ¢ = 10

Solution MFNC MMLC MINOS
L0 = Lgy0 2.47968 2.47968 2.47969
Co 0.90831 0.90831 0.90831
100 £1/L10 = 100 e3/Lg0 40.98% 40.98% 40.98%
100 g9/CO 31.62% 31.62% 31.62%
100 t1/L40 = 100 t3/Lg0 0.00% 0.00% 0.00%
100 to/CO 62.70% 62.70% 62.70%
p,(6) 0.56589 -0.99987 1.00000
py(6) 1.00000 1.00000 1.00000
p4(6) -0.94649 -0.99987 -1.00000
p,(8) -0.99994 0.99963 1.00000
Py(8) -1.00000 -1.00000 -1.00000
p4(8) -1.00000 0.99963 1.00000
p,(1) 0.99938 0.99936 1.00000
p2(1) 1.00000 1.00000 1.00000
p4(1) 0.99775 1.00000 1.00000
p,(3) -0.41324 0.99970 -1.00000
py(3) -0.00869 -0.69162 0.25438
p4(3) 0.79659 0.99970 -1.00000

Cost Function 14.31339 14.31339 14.31339

Number of

Function 25 38 178 (obj.)
Evaluations 186 (con.)
Time(s)# 46.9 12.2 16.5

# Execution time (seconds) on CYBER 170/730.
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assumed to be available to the reader, this work is self-contained. We feel that this work

provides an example of the kind of approach which should be taken in solving difficult circuit

design problems using optimization packages.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(91

(10]

[11]

(12]

VII. REFERENCES

J.W. Bandler, P.C. Liu and H. Tromp, "A nonlinear programming approach to optimal
design centering, tolerancing and tuning”, IEEE Trans. Circuits and Systems, vol.
CAS-23,1976, pp. 155-165.

J.W. Bandler, P.C. Liu and J . H.K. Chen, "Worst case network tolerance optimization",
[EEE Trans. Microwave Theory Tech., vol. MTT-23, 1975, pp. 630-641.

J.W. Bandler, W. Kellermann and W.M. Zuberek, "A comparison of recently
implemented optimization techniques”, Department of Electrical and Computer
Engineering, McMaster University, Hamilton, Canada, Report SOS- 83-8, 1983.

J.W. Bandler and W.M. Zuberek, "MFNC - A Fortran package for minimization with
general constraints", Department of Electrical and Computer Engineering, McMaster
University, Hamilton, Canada, Report SOS- 82-6, 1982.

VFO2AD subroutine specification, Harwell Subroutine Library, AERE, Harwell,
Oxfordshire, England, February 1978.

S.P. Han, "Superlinearly convergent variable metric algorithms for general nonlinear
programming problems", Mathematical Programming, vol. 11, 1976, pp. 263-282.

M.J.D. Powell, "A fast algorithm for nonlinearly constrained optimization
calculations"”, in Numerical Analysis, Proc. Biennial Conf. (Dundee, Scotland, 1977),
Lecture Notes in Mathematics 630, G.A. Watson, Ed., Berlin: Springer-Verlag, 1978,
pp. 144-157.

J.W. Bandler and W.M. Zuberek, "MMLC - A Fortran package for linearly constrained
minimax optimization", Department of Electrical and Computer Engineering,
McMaster University, Hamilton, Canada, Report SOS- 82-5, 1982.

J. Hald and K. Madsen, "Combined LP and quasi-Newton methods for minimax
optimization", Mathematical Programming, vol. 20, 1981, pp. 49-62.

B.A. Murtagh and M.A. Saunders, "MINOS/AUGMENTED user’s manual”, Systems
Optimization Laboratory, Department of Operations Research, Stanford University,
Stanford, California 94305, Technical Report SOL80-14, June 1980.

B.A. Murtagh and M.A. Saunders, "A projected Lagrangian algorithm for sparse
nonlinear constraints”, Systems Optimization Laboratory, Department of Operations
Research, Stanford, California 94305, Technical Report SOL80- 1R, revised February
1981.

J.W. Bandler, "Optimization of design tolerances using nonlinear programming”, J.
Optimization Theory and Applications, vol. 14, 1974, pp. 99-114.




58

[13] J.W. Bandler and C. Charalambous, "Nonlinear programming using minimax
techniques", J. Optimization Theory and Applications, vol. 13,1974, pp. 607- 619.




Qaa

a0

GAaa aaoa

ann

1@

20

30

40
50

59

PROGRAM LCMFN(OUTPUT, TAPE6=0UTPUT)
LC FILTER PROBLEM

DIMENSION X(21), T(2), W(5000)

EXTERNAL FCD

DIMENSION A(7,10)

COMMON ~/BLK1/ A

DATA T/16HLC FILTER , 16HPROBLEM 7/

DATA X/2.0,1.0,2.0,3%0.2,3%0.1,2%1.0,4%~1.0,3%1.0,-1.0,2%1.9/
CALL MMXHBR (2,T)

N=21

LEQ=9

L=43

MAXF= 100

EPS=1.0E-6

ICH=6

IPR=0

LwW=5000

CALL MFNC1A (FCD,N,L,LEQ,X,EPS, MAXF, W, LW, ICH, IPR, IFLAG)
STOP

END

SUBROUTINE FCD (N,L,X,F,G,C,D,KK)
DIMENSION X(N), G(N), C(L), D(XK,L)
DIMENSION CC(3), GR(21), FI(3), DFI(3,21)

CC VECTOR REPRESENTS THE CONSTANT COEFFICIENTS
IN THE COST FUNCTION

DATA CC/50.9,50.90,50.0/
LC FILTER PROBLEM

F=0.0

Do 19 I1=1,3

18=1+3

I16=1+6

F=F+X( D) /X(I3)+CCC( DI *X(I6) /R 1)
G(I)=1./X(I8)-CC{ D #X(I6)*(1./(R(I>*X(1)))
G(I3)==-X( D) /(X(I8)%X(13))
G(16)=CC(ID /XD

CONTINUE

DO 20 I=19,21

G(1)=0.0

CONTINUE

CALCULATION OF NONLiNEAR CONSTRAINTS AND THEIR GRADIENTS

NEL=3

DO 50 I=1,10

DO 36 LROW=1,NEL

DO 3¢ LCOL=1,N

DFI(LROW,LCOL)=0.9

CALL FIDFI (1,FI,DFI,N,NEL,X)

CALL SIMGRD (I,FI,DFI,FR,GR,X,N,NEL)

C(ID)=FR
DO 46 J=1,N
D(J, I)=GR(J)
CONTINUE
CONTINUE

EVALUATION OF LINEAR CONSTRAINTS AND THEIR GRADIENTS

806001
000002
000003
000664
0006005
020006
000007
006008
05606009
006010
©00011
030912

000013

0990014
056015
090016
600017
036018
020019
036020
090021
080022
090023
020024
020025
050026
680027
096028
020029
0390630
036031
090032
086633
050034
0990335
060636
096037
090038
099039
090940
020041
0090042
056043
008044
0900435
036046
299647
059948
090049
0500650

090051

096052
0309053
020654
090053
099056
220057
0360358
099059
090060
02006 1
200062
090063
020064
020065
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DO 66 I=11,43

DO 60 J=1,21

B(J,1)=0.9

DO 7O I=1,9

II=10+1

C(ID=X(D

IF (I.LE.%) C(ID)=C(ID)—-1.E-4
D(I,II}=1.0

CONTINUE

DO 80 I=10,21
I11=10+1
C(ID=1.0+X(1)
D(I,II)=1.0
CONTINUE

DO 90 I=10,21
JJ=1+22

- C(JI=1.0-X(I)

290

10

D(I,JJ)=~-1.0
CONTINUE
RETURN

END

SUBROUTINE FIDFI (I,FI,DFI,N,NEL,X

THIS SUBROUTINE CALCULATES VECTOR PHI AND ITS NON-ZERO '
DERIVATIVES W.R.T. ALL VARIABLES, USING THE CRITICAL VERTICES

DIMENSION FI(NEL), DFI(NEL,N), X(N)
DIMENSION A(7,10)
COMMON ~/BLK1/ A

DO 16 K=1,NEL

IF (A(1,1).EQ.6.0) J=K+9
IF (AC(1,1).EQ.8.0) J=K+12
IF (AC1,D).EQ.1.0) J=K+15
IF (A(1,I).EQ.3.0) J=K+18
Ki=K+1

K3=K+3

K6=K+6 :
FI(K)=X(K)+X(K3) *¥A(K1, ) +X(K6) *X(J)
DFI(K,K)=1.0
DFI(K,K3)=A(K1, I)
DFI(K,K6)=X(J)

DFI(K, J)=X(K6)

CONTINUE

RETURN

END

SUBROUTINE SIMGRD (I,FI,DFI,FR,GR,X,N,NEL)

THIS SUBROUTINE PERFORMS A SIMULATION OF ORIGINAL. NETWORK
AND ITS ADJOINT TO EVALUATE INSERTION LOSS AND SENSITIVITIES
AT DIFFERENT FREQUERCIES

DIMENSION FI(NEL), DFI(NEL,M), GR(N), X(N)

DIMENSION A(7,19), DFR(3)

COMMON /BLK1/ A

COMPLEX Y(3,3),V(3),B(3),YY(3,83),VOUT, YADJ(3,3) ,BADJ(3) , AUX

OMEGA=A(S, D

0900066
000067
006068
0006069
096670
029071

2200672
090073
020074
030073
0006076
959077
0069078
0%0079
026080
0990681

200082
0500683
0006084
600085
030086
096087
050688
09200689
050090
090691
090092
030093
090694
0900935
050096
000097
060098
039699
006100
030191

099102
029103
099104
0201035
000106
050107
050108
060109
066110
026111

000112
000113
000114
0201135
020116
050117
6%0118
0%0119
059120
020121

036122
029123
030124
009125

030126

220127
026128
296129
000130
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XL1=OMEGAXFI(1)
XC=0MEGA*FI(2)
XL2=0MEGAXFI(3)

FORM ADMITTANCE MATRIX

Y(1,1)=1.6+1.06-CMPLX(0.9,XL1)
Y(1,2)=-1.6/CMPLX(0.0,XL1)
Y(1,3)=(0.6,0.9)

Y(2,1)=Y(1,2)
Y(2,3)=-1.0/CMPLX(0.0,XL2)
Y(2,2)=-Y(2,1)-Y(2,3)+CMPLX(9.9,XC)
Y(3,1)=(06.0,0.9)

Y(3,2)=Y(2,3)

Y(3,3)=1.0-Y(2,3)

FORM EXCITATION VECTOR

po 19 J=1,3
B(J)=(0.0,6.0)
CONTINUE
B(1)=(1.0,9.0)
DO 20 K=1,3
Do 29 J=1,3
YY(K,J)=Y(K,J)
CONTINUE

SOLVE Y*V=B USING LU FACTORIZATION

CALL SOLLU (3,YY,B)
VOUT=B(3)

DEFINE THE ADJOINT EXCITATION

DO 36 K=1,3
BADJ(K)=(%.0,0.0)
DO 39 J=1,3
YADJ(K,J)=Y(J,K)
CONTINUE
BADJ(3)=(~-1.0,90.0)

SOLVE YADJ*VADJ=BADJ
CALL SOLLU (3, YADJ, BADJ)
FORM THE I-TH FUNCTION AND ITS DERIVATIVES

SP=A(6, 1)

W=A(7, 1)

H=29.0%AL0G10(9.5)

HP=EXP(1.9)

HPT=20.0*%ALOGIO(HP)

FR= Wk (SP-( H-HPT*ALOG(CABS(VOUI)))
AUX=(B(1)-B(2))*(BADJ(1)-BADJ(2) ) /(-XL1%XL1)
C1VOUT=1.8/CABS({VOUT)

C2=-Wk(-HPT*C1VOUT)

DFR( 1) =C2%C1VOUT*REAL(CONJG( VOUT) *(-CMPLX(9.9,0MEGA) *AUX) )
DFR(2) =C2%C1VOUT*REAL{ CONJG{ VOUT) *CMPLX(0.0, OMEGA)*B(Z)*BADJ(Z))
AUXF(B(2)~B(3))*(BADJ(2)—BADJ(3))/(-XL2*XL2)
DFR(3)=C2:%C1VOUT*REAL(CONJG( VOUT) *(~CMPLX( 0.9, OMEGA) *AUX) )
DO 46 J=1,N

GR(J)=DFR( 1)*DFI(1,J)+DFR(2)*DFI1(2,J)+DFR(3)*DFI(3,J)
CONTINUE

RETURN

END

090131
000132
020133
090134
000135
020136
090137
090138
020139
050140
000141
000142
000143
000144
000145
090146
009147
090148
000149
000150
000151
000152
090153
000154
000155
000156
090157
000158
090159
000160
000161
090162
020163
090164
020165
009166
020167
000168
000169
090170
000171
000172
090173
000174
020175
000176
020177
000178
090179
090180
000181

' 000182

090183
006184
099185
096186
056187
0301838
6990189
050190
000191
0930192
029193
099194
230195
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SUBROUTINE SOLLU (N,A,B)
CROUT’S ALGORITHM

COMPLEX A(N,N),B(IN)
N2=N-1

DO 20 I=1,N2

M= [+1

DO 20 J=I,N

ACT, D =ACI, D /ACT, D)

DO 10 K=M,N

A(K, J) =ACK, J)-ACK, D) *¥ACT, D)
CONTINUE

CONTINUE

FORWARD SUBSTITUTION

B(1)=B(1) A(1, 1)

DO 49 I=2,N

IM=1I-1

DO 306 K=1,IM
B(I)=B(I)-ACI,K)*B(X)
CONTINUE
B(ID=B(I)7A(I, )
CONTINUE

BACKWARD SUBSTITUTION

Ni=N+1

DO 66 L=2,N

I=N1-L

IP=1+1

DO 50 K=IP,N
B(ID)=B(D)~-ACI,K)*B(X)
CONTINUE

CONTINUE

RETURN

END

BLOCK DATA

THIS BLOCK CONTAINS INFORMATION ABOUT CRITICAL VERTICES,
SPECIFICATIONS, AND SAMPLE FREQUENCIES

DIMENSION A(7,10)
COMMON /BLK1l/ A

62

DATA A/6.$,1.0,-1.0,1.0,9.45,1.5, 1.
6.9,1.0,-1.0,1.9,9.56,1.5,1.
6.9,1.0,-1.0,1.0,06.55,1.5,1.
8.9,1.0,1.0,1.0,1.0,1.5,1.0,
1.9,-1.9,-1.9,-1.9,2.5,25.0,
3.9,-1.06,1.0,-1.0,0.45,1.5,1.90,
3.9,-1.0,1.0,-1.9,0.50,1.5,1.0,
3.9,-1.9,1.0,-1.9,0.55,1.5,1.0,
3.9,-1.9,1.6,-1.0,1.6,1.5,1.90,
3.9,-1.9,1.0,-1.0,2.5,25.0,-1.

3

009196
020197
090198
030199
029260
036201
096202
000203
026204
059205
0036206
990207
096298
060209
026210
030211
030212
006213
290214
0006215
060216
090217
090218
259219
0926220
290221
000222
600223
009224
06062235
0060226
230227
690228
0906229
020230
038231
2050232
090233
056234
090235
206236
950237
056238
6006239
099240
290241
0D0242
020243
990244
226245
056246
900247
050248
026249
000250
056251
096252
608253
030254
00255



aaa

aa

ana aaoaa

63

PROGRAM LCMML(OUTPUT, TAPE6=0UTPUT)
LC FILTER PROBLEM

DIMENSION X(21), T(2), W(5990), C(33), DC(33,21)
EXTERNAL FCD

DIMENSION A(7,10)

COMMON ~/BLK1/ A

DATA T/19HLC FILTER , i@HPROBLEM

DATA X/2.4,1.0,2.0,9.4,9.2,0.4,9.01,0.1,0.01,
+ -1.9,1.9,4%-1.0,4%1.9,-1.9,1.08/

CALL MMXHDR (2,T)

N=21

M=11

LEQ=0

L=33

I1C=33

DX=0.1

KEQS=2

MAXF= 100

EPS=1.0E-6

FORM THE COEFFICIENT MATRIX FOR CONSTANTS

DO 19 1=1,33
DO 10 J=1,21
i6 DC(I1,J)=0.0
BG 29 I=1,9
C(I1)=0.0
DC(I,)=1.0
20 CONTINUE
DO 36 1=19,21
C(I=1.9
DC(I,1)=1.0
3@ CONTINUE
DO 49 1=19,21
I1=1I+12
C(In=1.0
DC(II,I)=-1.0
48 CONTINUE
ICH=6
IFR=0
LW=5009
CALL MMLCiA (FCD,N,M,L,LEQ,C,DC, IC, X, DX, EPS, MAXF, XEQS, W, LW, ICH, IPR
+, IFALL)
STOP
END

SUBROUTINE FCD (N,M,X,DF,F)
DIMENSION X(N), F(M), DF(M,N)
DIMENSION C€CC(3), GR(21), FI(3), DFI(3,21)

CC VECTOR REPRESENTS THE CONSTANT COEFFICIENTS
IN THE COST FUNCTION -

DATA CC/55.0,59.9,59.9/
THE LAST RESIDUAL FUNCTION REPRESENTS THE COST FUNCTION

FM=0.0

Bo 19 I1=1,3

i3=1+3

Ie=1+6

FM=FIM+X( 1) /R(I3)+CC{ 1) *K(16) /K( 1)

690001
059602
026663
029004
000065
030066
096697
0200668
9260609
699010
0900611
006012
020013
0656014
056015
020916
056017
850018
029019
059020
0200621
056922
050023
020024
056625
0206026
0390827
029628
025029
059930
020931
020032
026033
036934
999935
030036
029037
020638
020039
2309040
036041
020042
030043

0D0044

050943
90046
026947
030048
050649
0200359
0390651
096652
299053
030054
020055
2220656
050057
2H8058
2290059
065090690
03806 1
030062
030963
090064
009065
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F(MD=FM

DF(M, ID=1. /X(IS)-CC(I)*XKIG)*(I Z(X(D*XCI1Y))
DF(HM, I8)=~-X( ) /(X(I3)*X(I3))

DF(M, 16)=CC(I)/X( 1)

CONTINUE

DO 29 I=14,21

DF(M,1)=06.0

CONTINUE

FORM THE REST OF THE RESIDUAL FUNCTIONS AND THEIR GRADIENTS

ALFA=10.0

NEL=3

DO 50 I=1,19

DO 3¢ LROW=1,NEL

DO 36 LCOL=1,N

DFI(LROW,LCOL)=0.0

CALL FIDFI (I,FI,DFI,N,REL,X)

CALL SIMGRD (I,FI,DFI,FR,GR,X,N,NEL)

F(I)=FM-ALFA%FR

DO 49 J=1,N
DF(1,J)=DF(M,J)=-ALFA%GR(J)
CONTINUE

CONTINUE

RETURN

END

SUBROUTINE FIDFI (I,FI,DFI,N,NEL,X)

THIS SUBROUTINE CALCULATES VECTOR PHI AND ITS NON-ZERO
DERIVATIVES W.R.T. ALL VARIABLES, USING THE CRITICAL VERTICES

DIMENSION FI(NEL), DFI(NEL,N), X(IM)
DIMENSION A(7,10)
COMMON ~/BLK1/ A

DO 19 K=1,NEL

IF (AC(1,I).EQ.6.0) J=K+9
IF (A(1,1).EQ.8.0) J=K+12
IF (A(1,I).EQ.1.0) J=K+15
IF (A(1,I).EQ.3.0) J=K+18
K1=K+1

K3=K+3

K6=K+6

FI(K) =X(K) +X(K3) *A(K1, I +X(K6) *X(J)
DFI(K,K)=1.9
DFI(K,K3)=A(K1, D)
DFI(K,K6)=X(J)

DFI(K, J)=X(Ké6)

CONTINUE

RETURN

END

SUBROUTINE SIMGRD (I,FI,DFI,FR,GR,X,N,NEL)

THIS SUBROUTINE PERFORMS A SIMULATION OF ORIGINAL NETWORK
AND ITS ADJOINT TO EVALUATE INSERTION LOSS AND SERSITIVITIES
AT DIFFERENT FREQUENCIES

DIMENSION FI(NEL), DFI(NEL,N), GR(I), X(I)
DIMENSION A(7,10), DFR(3)
COMMON /BLKl/ A

000066
030067

- 020068

020069
0900706
000071
0936072
090073
000074
009975
030076
0506077
296078
290079
000080
036081
020082
056083
030084
000085
030086
050087
990688
020089
020090
0260691
030692
0500693
08¢094
036095
020096
030097
026098
006699
039100
200101
099102
026103
000104
030165
026106
020197
0590108
029109
020110
080111
990112
090113
030114
0390115
030116
099117
290118
059119
060129
6509121
039122
056123
039124
030125
026126
006127
020128
200129
090130
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COMPLEX Y(3,3),V(3),B(3),YY(3,3),VOUT, YADJ(3,3) ,BADJ(3) , AUX

OMEGA=A(S, I)

XL1=OMEGA®*FI(1)
XC=0MEGAXFI(2)
XL2=0MEGA#*FI(3)

FORM ADMITTANCE MATRIX

Y(1,1)=1.9+1.6/CMPLX(0.0.XL1)
Y(1,2)=-1.6/CMPLX(0.0,XL1)
Y(1,3)=(0.0,6.9)

Y(2,1)=Y(1,2)
Y(2,3)=-1.6/CMPLX(0.0,XL2)
Y(2,2)=-Y(2, 1)-Y(2,3)+CMPLX(0.0,XC)
Y(3,1)=(0.9,0.9)

Y(3,2)=Y(2,3)

Y(3,3)=1.6-Y(2,3)

FORM EXCITATION VECTOR

Do 19 J=1,8
B(J)=(0.0,9.0)
CONTINUE
B(1)=(1.0,0.0)
DO 26 K=1,3
Do 26 J=1,3
YY(K,J)=Y(K,J)
CONTINUE

SOLVE Y%V=B USING LU FACTORIZATION

CALL SOLLU (3,YY,B)
VOUT=B(3)

DEFINE THE ADJOINT EXCITATION

Do 39 K=1,3
BADJ(K)=(9.0,0.0)
DO 39 J=1,3
YADJ(K,J)=Y(J,K)
CONTINUE
BADJ(3)=(~-1.0,0.0)

SOLVE YAD.J*VADJ=BADJ
CALL SOLLU (3, YADJ, BADJ)
FORM THE I-TH FUNCTION AND ITS DERIVATIVES

SP=A(6,1)

W=A(7,1)

H=20.6%AL0G10(9.5)

HP=EXP(1.0)

HPT=20.0%ALOG16(HP)

FR=Wk( SP- ( H-HPT*ALOG{ CABS(VOUT))))
AUX=(B(1)>-B(2))*(BADJ( 1) -BADJ(2) ) /(-XL1:xXL1)
C1VOUT=1.9/CABS(VOUT)

C2==-Wx(-HPT*C1VOUT)

DFR( 1) =C2:#C1VOUT*REAL( CONJG{ VOUT) *( ~CMPLX( 0.0, OMEGA) *AUXD )

DFR(2) =C2%C1VOUT*REAL( CONJG( VOUT) *CMPLX( 9.0, CMEGA) *B( 2) *BADJ(2))

AUX=(B(2)-B(3))*(BADBJ(2)-BADJ(3) ) /( -XL2:xXL2)

DFR(3) =C2%C1VOUT*REAL( CONJG( VOUT) *(~CMPLX( 9. 0, OMEGA) *AUX))
DO 46 J=1,N

GR(J)=DFR( 1)*DFI(1,J)+DFR(2)%DFI(2,J)+DFR(3)*DFI(3,J)

000131
0306132
080133
029134
000135
020136
000137
029138
050139
0290140
090141
0090142
080143
069144
090145
030146
000147
060148
020149
0990150
090151
050152
039153
090154
060155
0%0156
080157
036158
069159
000160
020161
039162
090163
020164
020165
090166
0290167
050168
250169
000170
0208171
200172
9%0173
9d0174
059175
030176
829177
056178
089179
0561896
0380181
626182
020183
099184
0560185
026186
020187
299188
029189
020190
830191
936192
029193
920194
0390195
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40 CONTINUE
RETURN
END °

SUBROUTINE SOLLU (N, A,B)
CROUT’S ALGORITHM

COMPLEX A(N,N) ,B(N)

N2=N-1

DO 26 I=1,N2

M=1I+1

DO 206 J=M,N

ACIL,J=ACI, /AL, D

DO 19 K=M.N

AMK, N =A(K,J)-AK, D*ACI,J)
1¢ CONTINUE ’ -
26 CONTINUE.

FORWARD SUBSTITUTION

B(1)=B(1)- AC1, 1)
DO 40 I=2,N
IM=1-1
DO 30 K=1,IM
B(I)=B(I)~-A(I,K) *B(X)
36 CONTINUE
B(ID=B(D/A(I, D)
4% CONTINUE

BACKWARD SUBSTITUTION

N1=N+1

DO 66 L=2,N

I=N1-L

IP=1+1

DO 56 K=IP,N

B(ID)=B(I)-A(I,K *B(X
50 CONTINUE
69 CONTINUE

RETURN

END

BLOCK DATA

THIS BLOCK CONTAINS INFORMATION ABOUT CRITICAL VERTICES,

SPECIFICATIONS, AND SAMPLE FREQUENCIES

DIMENSION A(7, 10)
COMMON /BLX1/ A

DATA A/6.9,1.0,-1.0,1.0,0.45,1.5,1.6,
+ 6.9,1.9,-1.0,1.9,9.50,1.5,1.90,
+ 6.6,1.6,-1.9,1.06,06.55,1.5,1.0,
+ 8.6,1.0,1.0,1.9,1.9,1.5,1.0,
+ 1.9,~1.9,-1.9,-1.9,2.5,25.0,~-1.0,
+ 3.9,-1.0,1.0,-1.9,0.45,1.5,1.0,
+ 3.8,-1. @,l 9,-1.0,0.50,1.5,1.9,
+ 3.9,-1.0,1.0,-1.0,0.55,1.5,1.0,
* 3.9,-1.6,1.0,-1.6,1.0,1.5,1.9,
+ 3.0,—1 6,1.0,-1.90,2.5,25.0,-1.0/

END

020126
099197
050198
050199
006200
830201
0202062
000203
050204
0629205
026206
090207
020208
9906209
020210
030211
020212
026213
699214
036215
226216
228217
060218
020219
020220
000221
036222
039223
096224
000225
056226
256227
000228
030229
036239
056231
028232
059233
056234
020235
026236
090237
920238
009239
096240
029241
009242
090243
099244
059245
009246
000247
090248
089249
0292590
0308251

950252

050253
920254
090255
090256
620257
006258
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PROGRAM LCMNS(DATA, OUTPUT, SCRTCH, TAPE1=DATA, TAPE6=0UTPUT, TAPE9=SC 060001
+RTCH) 030602
000603

LC FILTER PROBLEM 006004
0299005

DIMENSION W(5000), A(7,19@) 000006
COMMON /BLK1/ A 020607
Lw=5800 050008
CALL MINOS1 (W,LV¥W,1,6,9) 000009
STOP 0900160
END 030011
000012

- 0266013
SUBROUTINE CALCFG (MODE,N,X,F,G,NS,NP) 000014
DIMENSION X(N), G(N) 026015
DIMENSION CC(3) 000016
006017

CC VECTOR REPRESENTS THE CONSTANT COEFFICIENTS 000018
IN THE COST FUNCTION 020019
006020

DATA €C/50.0,50.0,59.9/ 090021
036022

F=0.0 006023
Do 16 1=1,3 826024
I13=1+3 050025
I16=1+6 020026
F=F+X(I) /R(I3)+CC( D) *X(16) /R( I} 0500627
G(I)=1./X(I3)-CC(I)*KX(16)*(1./(XC(II*XCI))) 030028
G(I3)=-X( 1) /(X(I3)*X(13)) 069029
G(I16)=CC(I)/X(I) 059030
10 CONTINUE 020031
DO 29 I=19,21 000032
G(1)=0.0 0069033
20 CONTINUE 090034
RETURN 990035
END 020036
0%0037

050638

SUBROUTINE CALCON (MODE,M,N,NJ,X,F,€,NS,NP) 056039
DIMENSION X(N), F(M, G(M,I) 036040
DIMENSION GR(21), FI(3), DFI(3,21) 059041
030042

FORM NONLINEAR CONSTRAINTS AND THEIR GRADIENTS 996043
026944

NEL=3 090045
DO 30 I=1,M 029046
DO 10 LROW=1,NEL 009647
DO 10 LCOL=1,N 0720048
16 DFI(LROW,LCOL)=6.9 020049
CALL FIDF! (I,FI,DFI,N,NEL,X 096050
CALL SIMGRD (I FI DFI FR,GR X,N,NEL) 600051
F(I)=FR 0290652
DO 206 J=1,N 0959053
G(I,J)=GR(J) 020054
29 CONTINUE 009055
36 CONTINUE 020056
RETURN 00057
END 090058
020059

0206069

SUBROUTINE FIDFI (I,FI,DFI,N,NEL,X 03006 1
: 036062

THIS SUBROUTINE CALCULATES VECTOR PHI AND ITS NON-ZERO 020063
DERIVATIVES W.R.T. ALL VARIABLES, USING THE CRITICAL VERTICES 026064
0290065
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DIMERSION FI(NEL),
DIMENSION A(7,10)
COMMON /BLK1l/ A

DO 190 K=1,NEL

IF (A(1,1).EQ.6.0)
IF (A(1,I).EQ.8.0)
IF (A(1,I).EQ.1.0)
IF (A(1,1).EQ.3.0)
Ki1=K+1

K3=K+3

K6=K+6
FI(K)=X(K)+X(K3)*xA(
DFI(K,K)=1.0
DFI(K,K3)=A(K1,I)
DFI(K,K6)=X(J)
DFI(K, J)=X(Ké6)
CONTINUE

RETURN

END

SUBROUTINE SIMGRD (I,FI,DFI,FR,GR,X,N,NEL)

THIS SUBROUTINE PERFORMS A SIMULATION OF ORIGINAL NETWORK
AND ITS ADJOINT TO EVALUATE INSERTION LOSS AND SERSITIVITIES

68

DFI(NEL,N), X(N)

J=K+9

J=K+12
J=K+15
J=K+18

K1, ID+X(K6) *X(J)

AT DIFFERENT FREQUENCIES

DIMENSION FI(NEL),
DIMENSION A(7,10),
COMMON /BLK1/ A

COMPLEX Y(3,3),V(3),B(3),YY(3,3),VOUT, YADJ(3,3) ,BADJ(3) , AUX

OMEGA=A(5, I)

XL1=0OMEGA*FI(1)
XC=0MEGA*FI(2)
XL2=0MEGAX*FI(3)

DFI(NEL,N), GR(N),

DFR(3)

FGRM ADMITTANCE MATRIX

Y(1,1)=1.9+1.0/CMPLX(0.0,XL1)
Y(1,2)=-1.6/CMPLX(0.0,XL1)

Y(1,3)=(0.0,0.6)
Y(2,1)=Y(1,2)

Y(2,3)=~1.0/CMPLX(0.0,XL2)

Y(2,2)=-Y(2, 1)-Y(2,

¥(3,1)=(0.0,0.0)
Y(3,2)=Y(2,8)
Y(3,3)=1.9-Y(2,3)

3)+CMPLX(0.9,X0)

FORM EXCITATION VECTOR

DO 16 J=1,3
B(J)=(9.0,0.0)
CONTINUE
B(1)=(1.06,0.0)
DO 29 K=1,3
D¢ 20 J=1,3
YY(K, ) =Y(K,J)
CONTINUE

SOLVE Y*V=B USING LU FACTORIZATION

CALL SOLLU (3,YY,B)
VOUT=B(3)

0P3066
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030068
020069
020070
060071
200072
090073
080074
099075
00976
036977
099078
0069079
000080
006081
090082
009683
059684
059685
oB0086
990687
090088
930689
096090
030091
050002
022093
030094
030095
0D009%6
200097
090098
2D0099
959160
630101
020102
020103
090104
050105
000106
2069107
200108
020109
090110
060111
0959112
090113
020114
020113
0P0116
900117
090118
099119
0h0120
2090121
000122
006123
050124
099125
030126
029127
000128
030129
%%0130
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DEFINE THE ADJOINT EXCITATION

DO 3% K=1,3
BADJ(K)=(9.0,0.0)
DO 3¢ J=1,3
YADJ(K,J)=Y(J,K)
CONTINUE

BADJ(3)=(~1.0,0.0)

SOLVE YADJ*VADJ=BADJ

CALL SOLLU (3, YADJ, BADJ)

FORM THE I-TH FUNCTION AND ITS DERIVATIVES

SP=A(6, 1)

W=A(7, I)

H=20.0*%AL03G10(0.5)

HP=EXP(1.9)

HPT=20.0%ALOG10( HP)

FR=W&(SP~( H-HPT*ALOG( CABS(VOUT))))
AUX=(B(1)~B(2))*(BADJ(1)~BADJ(2)) /(-XL1*XL1)
C1V0oUT=1.0/CABS(VOUT)

C2=-Wk(-HPT*C1VOUT)

DFR( 1) =C2%C1VOUT*REAL(CONJG( VOUT) *( -CMPLX( 0.9, 0MEGA) *AUX) )
DFR(2) =C2%C1VOUT*REAL(CONJG{ VOUT) *CMPLX( 0.0, OMEGA) *B(2) *BADJ(2))
AUX=(B(2)-B(3))*(BADJ(2)-BADJ(3)) /(-XL2*XL2)

DFR(3) =C2%C1VOUT*REAL(CONJG( VOUT) *(-CMPLX( 0.9, OMEGA) *AUX) )
DO 49 J=1,N
GR(J)=DFR(1)*DFI¢1,J)+DFR(2)*DFI(2,J)+DFR(3)*DFI(3,J)
CONTINUE

RETURN

END

SUBROUTINE SOLLU (N,A,B)
CROUT’S ALGORITHM

COMPLEX A(N,N),B(N)

N2=N-1 .

DO 26 I=1,N2

M=I+1

DO 29 J=M,N
ACI,J)=ACI,J /AL, D)

DO 10 K=M,N

A(K, J)=ACK,J)-ACK, DD *ACI, 0D
CONTINUE

CONTINUE

FORWARD SUBSTITUTION

B(1)=B(1)-AC1, 1)

DO 40 I=2,N

IM=1-1

DO 306 K=1,IM
B(T)=B(I)-A(I,K)*B(X)
CONTINUE
BCI)=B(I)/ACI, I}
CONTINUE

BACKWARD SUBSTITUTION
N1=N+1

090131
000132
6006133
000134
030135
020136
000137
0306138
000139
090140
030141
000142
090143
090144
090145
020146
060147
000148
090149
020150
000151
029152
0%0153
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0939159
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080190
039191
000192
026193
050194
0001935
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DO 60 L=2,N

I=N1-L

IP=1+1

DO 50 K=IP,N
B(I)=B(D-A(I,K*B(X)
CONTINUE

CONTINUE

RETURN

END

BLOCK DATA

THIS BLOCK CONTAINS INFORMATION ABOUT CRITICAL VERTICES,
SPECIFICATIONS, AND SAMPLE FREQUENCIES

DIMERSION A(7,19)

R EEEEEE!

COMMON /BLK1/ A

DATA A/6.9,1.90,-1.0,1.0,0.45,1.5,1.90,
6.9,1.0,-1.0,1.0,06.50,1.5,1.0,
6.9,1.0,-1.0,1.0,0.55,1.5,1.0,
8.0,1.0,1.0,1.0,1.0,1.5,1.0,
1.9,-1.6,~-1.9,-1.9,2.5,25.0,-1.90,
3.9,-1.0,1.0,-1.0,0.45,1.5,1.0,
3.9,-1.0,1.0,-1.0,0.50,1.5,1.90,
3.0,-1.6,1.0,-1.0,0.55,1.5,1.0,
3.9,-1.0,1.0,-1.0,1.0,1.5,1.0,
3.9,-1.90,1.0,-1.0,2.5,25.0,-1.0/

E

000196
000197
000198
020199
000200
090201
020202
030203
0006264
006205
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000210
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089212
0230213
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0506216
020217
000218
2906219
000220
090221
050222
090223
000224
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