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I
( START)~~~~~

INPUT:
SERIES
NR. LAGS

CALCULATE
& PRINT
MEAN. VARIANCE

I
CALCULATE
& PRIPJ T
AUTOCOVARIANCE
& AUTOCOR RELATION

CALCULATE &
PRINT PARTIAL
AUTO~ORRELATION

CENDD

Figure A-i. Flow Chart for Calculating Estimates of Auto-
+ correlation and Partial Autocorrelation Functions.

2. Preliminary Estimates of Parameters

Thc equations for calculating preliminary estimates of the

parameters for the identified model are given in Chapter 2 [(Equations

(2.38) through (2.42)] and will not be repeated here. Figure A-2 is

a flow chart for implementing these equations. As shown in the flow

chart, the tolerance on the f vector has been set at 0.0001. Any other

value appropriate to the particular problem could be used. Table A-it

contains the BASIC program listing.
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C START
)

_ _ _ _ _ _ _ _ _ _ _ _ _ _  AR - AUTOREGRESSIVE

INPUT MA MOVING AVERAG E
AR ORDER
MA ORDER

+ 
AUTOCOVARI ANCES

YES AR ORDER NO
- 0 ?

+ I CALCULATE

+ 
+ 

~A R PARAMET ERS

• 

NO
~~~~~~~~~~ E~~~~~~~~

ICALCULATE
MODIFIED
AUTOCO VARI ANCES

CALCULATE
r, f
VECTORS

Figure A-2. Flow Chart For Calculating Preliminary Estimates of
Model Parameters.
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TABLE A-I. BASIC PROGRAM LISTING FOR C&LCUIAT U& ESTI~~ TES OF
AIT~OCORREIAT ION A!~) PARTIAL AL7~OCORRELAT ION FUNCTIONS

10 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~15 A$ I 
20 DISP ENTER DMA FILE NR~~

+ 30 INrU1 r
40 LOAD Bi~TA F
59 DI3P “ ENTER NR LAGS”;
60 INPUT ~.

70 D Z SP ENTER NP ~+Ar1P LE5
80 IN P U T  N
90 S1~~100 .2-0
110 FOP 1= 1 TO N
130 ~ 1= :+~ i I I1~ 0 NE~:T I
140 H=S1 N
150 sI—U
1 0  FOR I~-~ TO P1
170 WI 1 )z~~~ 1 i—M

- ‘ 180 S1=~~1+1’i ( ! ]
190 S’=~ 3+W ( I ~~ I i

~00 NEXT I
210 V~ =~ 2’’N—l )2 15 PRINT A r HFIH N CE -
~~3 FO1~ _

~•-i IC; .
+ 330 ~3=@

240 FOR !=1 TO N—J
250 L= I+J
260 S3— S3~ W [ L )~ W [ 1 )
270 HEX1 I
230 C(Ji~~~ -Pi
.~90 RI iJ~~ i J ) ~ V2

+ ~00 NEXT J
310 PRINT u i , H V

+ 313 PRINI ~314 FOR J~~1 10 ~316 P R i N T  ~; i - [ j ]
318 NEX T J
~30 W RITE i 5 .32~

— FO~ MH~ AUTL ’~ 1IF~ ELH1 IUH FLIPU I’ h —1 ~ I i .~
+ 24 FOP T u ~32~ E~$=

323 IF R [ J ] - ~ ’ HEN 33~33~ FI ~~IUT 1~) . r t  J1+ii.5
~i: i: ii i~ ~~~~ ii.336 GOTO .-~45

338 N:!NT 10*R[ J J+0. ’
340 BS( 11+N. 1 1 J=A S[ 1 1+N~ 11] +

345 PR INT j ; R CJ ] . TA 8 3 9 . 8 s
3~ 0 NEXT
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TABLE A -I .  (CXIICLUDKD )

3.’O Pt I • 1
+ ~~U ~ )R 1-2 T u ~• ~eo

.;•~~~ •Y .~4~.’I ~~~ i
4I~) \•~ ,PI 1— • 1’~~L 1 1

— •~~1 I I • 
+ 

~~~~ 
t I

4~~’ 
•
~1 - I

4 4k ’ - . I I I ~ I
4~~ ~~~~~ — 1  ‘ I ~I
4t .~~ ~I )—P~ 1 — I + 1 ~ I • I • I I • +

~~~ +~~ 
I

~~~ lIl T I
4~~0 W I I ~~ ‘ l ~~. i •
4- ’ .’ I OP~l P ~4 P I ~~ ii I~ t fl fl ‘I . • 2 ’ • . 

+ I • -
~ ~i •

4’~4 I~~It~’ lit ~‘. 1 1 1 1 1 1 1 1 1 1  I I l l !
~ t~k t — t  t~

4 ’~ ~:$-
,l~l 1 ~ I • I -  1 141 P4

‘‘~~~.: ~ — tI~t Il  I I • I 1. ~‘ .
?I ~I ~$I 11 t i l l ) IL I I.  I ill 1
fl . L  t.l.~1I) ‘ t I~
~
i
~~0 N 14 1 l~~’ ’I 1 .1 ~~~~~~~

~ 4I~ ~$( I ¶ •N. 1 1” iPI l  I 1.14. 11  I
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TABLE A-Il. BASIC PROGRAI4 LISTING FOR CA LCUlATING PRELIMINARY
ISTI)

~
TI8 OF NGDEL PkRA~~TUS

10 ~EPI F’~ EL ~M1NAPV E$TIMRTE OF t W I I A  PIWA MET ERS
20 DIM ASt 10.10 ].BS( 10.10 ].FS( 10]. 1St ~0 ],1S[ 19 ],pst 10] . P) .( 10)
30 VISP “ENTER P.O’~
40 INPUT F’~,Qt50 FOR J-t  TO 10

+ 60 DISP “ENTER cc ;j; ” • ;
— 0 INPUT C I J I

80 NE X T i
90 IF F1- .~ THEN 4~ u
100 REP’t) A(PI ’Pl ).OIPI ).F[p1 i.B[l- j.F ¶ 1
110 FOR I - i  10 P1
120 FOR Js1 TO P1
130 R~ S~ 0 l # I — J ’ +1
140 A(I ’33 C t 1 I
150 NEXT J
160 1XI1~~ LQ 1~~I+L I
170 NEXT I
180 IF D E T A~~0 TIIEI4 240
1~ 0 MAT F~ IN\ A
2k10 MHI ~~~~~*u

~10 PRINT AUTOREGRESSIVE PARAMETEI•’S ARE
220 MAT PRINT P
222 S 1= C t 1 ]
223 FOR J~ 1 TO P 1
224 S1 = S1 -P ~ ))~ CI J+I )
225 NEYT P

- -  230 GOTO 260
240 PRINT A NOT INVERTIBLE ’
250 STOP
260 IF 1! I-44 THEN 7C~

262 REDIII QC~~1sI].P(Pt+I]265 FOR 3=1 TO 01+1
275 01 l]~~i ;

28~i FOP I— TO ~ 1~~1
285 Il’~U
290 P0k 4 :j TO P 1 4 1
300 iF ic-i THEN 320
710 X~ — 1
3 15 GOIl) 330
::~~U :\L4 1 4~ 

— £ .1
339 L R B S ’ 3 # I — I — 1 ” + 1
340 D—D+X*Ct I J
350 NEXT ~760 IF I - I THE N ~30365 =-1
37(1 GOTO .-

~U
+ 380 V— P It - l i

390 Q[J ]—Q( J )+’~~D400 N EX T I
410 NEXT
420 FOP ~ ru 01+1
4 ’O C~~~~= O r J )
440 NE~ 1 3
459 REDII’1 T~ 01 ‘~I 1. 4 1  4- ’ l+l i. Al l~~1 + 1. I ‘ ~[ 01+1 • 01’ i i .  HI Id 4 11. (~1 0 14 1)
460 Tt1)~ ~t 1 ] + t@.5
470 FOR It? Q1+1
480 T ( i1:4 t
486 NE.\T 3
490 FOR i - s i  t~i 1)1
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TABLE A-Il . (CONCLUDED)

• 510 FOR 1~~ 
ro 01~~J

520 D— D .T 1+1 1—11 ~.i.1530 NEXT I
540 Ft ‘.1 ) -D —C (  3 + 1 1
550 NE~

T j
552 Z-0
554 FOP .!~ 1 TO 01 ÷ 1

~~5 IF i~ - ’ F ~ fl 0.~I’~u1 THEN ~57556 :~
_ ÷i

~~7 NET -l

553 PR~ N
55~ IF :-.~ t~~rt i560 MAT H
570 tiM ~5:~~ riM ~k IP-4 ~ F
\S0 FOP Vt.’ ~~~ ~~t

~~~ FOR - ‘ i  1 u 0 1 - i

~oo ~~~~~~ ~.i  i - r ~ +~~.i ]
610 PIE T
~~~~~~ ~41:’~I ~
63~ FOR 1 Ttj ~~+I
6

4(1 F IF )~~I 
T ,  

~) 1 ÷ l
650 ~- [ 1 . ’ J =T[ J — I ’ 1
tGO NE:.T
67(1 NEXT I
6b0 MAT -,t.[
t~ O IF Di t~ THE N ‘

~ 3
100 MAT t-~~1 N V ’ A .
7 10 MA 1 I F 4 F
730 MAT ~r - ?
740 GOT U 4 0
~~0 PRINT T NNTPIX P t T  INVEF I ~E L

769 i-TOP
7:~ i ~
7~ 0 I F  P t  ~ t ~~~~~ ~-:O
7-10 FOR ‘‘~~ T i) F
~;0il X~~ -~ I
~- l0  NE X T  -

~~~ PRI NT UV L~~A~ L I I)h + T H t ~1 I 1  [ t i ~ I Ii-’~ ~- • : X
it Ui..~.l HEN -‘~~4.~

~‘3 t l  RFDIM ~I(i~ 1 I
~‘40 FOR J~~1 TO 01

.ro Ot I ]~ -T I 3÷ 1  1(1
~-h0 NE - IT I

~7~3 PRI PL I  MIII , - 1 Ni ~~- i ‘ t ’ ~ F r~+ ~ i i i

~80 HAT ~~~IN T 3
S~~0 IF Ql~ O THEN ‘10
.00 51=11 1 1t2
910 PRIN T RE~~IDLI A L \R~.IHt ~(E 1 3
.2(1 END
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Appendix B

OPTD4IZAT ION ALGORITHMS

Finding a maxinum likelihood estimate of the parameters and

starting values for the time series model requires finding the set of

parameters and starting values that m inimizes the stun o f the squared

residuals. Any stationa ry AR}IA model can be written in the form

a
~ 

— (w
~ 

— v) — •~ 
(v t_ i — - ... — • (w~ —

+ t~Iat_ l  + ... 8q~~~q (B.l)

where

— I
w a ;  v

1
t—l

Given p initial values of the v’s and q initial values of the a’s,

Equation (B.l) can be solved recursively to obta in the sequence

from which the sum of squares ,

S —  ~~~~~ (B.2)
tat

is calculated . Lettingja (w,W1,.... W~~, •~~~. . . ,  •p It 9j~ •••i 8q) be t he

vector ol parameters to be estimated , the vectorj* that minimizes Sca n be

found by any of the vei l—known optimization algorithms . Three algo-

rithms , an exhaustive grid search, a linearized regression , and a pattern

search, ware used in this investigation , and are descr ibed here. In

implement ing all of these algorithms on the Hewlett-Packard 9830, the
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appropriate form of Equat ion (LI) was input as a defined function,

and the q initial values of the residuals were set equal to zero. Also ,

the check for stationarity and invert ibility was performed off-line .

1. Grid Search

The grid search is a simple exhaustive search routine in which

each element of the vector , j, is systematically allowed to take on each of a

set of predetermined values. For instance, if j — (~ .. ..
~~ •..~ ), then

0 0) om

~ 
is allowed to take on values (IQi •I •~~)j•

•II om)~ il oj~~~~om~ ’

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

bination of elements has been used. That combination which minimizes

S is an estimate o1 the best value of

The exhaustive grid search is not very useful for finding an

opt intun value for the parameter vector, j, simp ly because it requires a large

number of trials (m”where m is the dimension ofj and n is the number of values

tried for each element ) to search a very large parameter space and the resolu-

tion is depcndent on the interva l between values of the elements. However, it

is useful for mapping contours of the sum of squares function and for examining

behavior in the vicinity of an estimate of the optimumpoint . Figure B-i is a

flow chart for this algorithm; Table B-I is the computer program listing.

2. Linearized Regression

Suppose that Equation (B.l) is written as +
a
~ 

a f(~~ (B ,3)

where f is some function of the parameter vector , j . Let j  be of

dimension m. Expanding at in a Taylor ’s series about some guessed

parameter vector, j
~
, and neglecting higher order terms gives
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p

START

INPUT:
sirnis. AR OR DE R
MA ORDER. INITiAL,
~~. AND FINA L VALUES

+ 
5.1.1051

SET VALUES
o OF

CALCULAT E
a PRINT 5.4

YES

- 5.—s

ALL+ VALUES OF NO INCREMENT
4 TRIED?

YES

PRINT

END

Fi gure B- i .  Flow chart for Grid Search Algorithm.
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TABLE B-I . BASIC PROGRAN LISTING FOR GRID SEARCH
ALGORIT HM

II 10 REM CONI 1 ‘ 
~ft-4 L LLp1~ - T  ~.0Ui4ES 1.1. i t  FARCH WITH ~.TflRt

l~ D1~~ P[~~’ I f  ‘ u  ~~0H ~~T A T •
~ ‘O~

- -•
17 STOr
20 DIM A:- [.1 ’).WS( 00j•1 .-110 .5),15L 1i’ .5] .N(5) .B~ I 10 .5)
25 S5~- 1E+51
~(1 DI~~F ENTE’ FiLE N~~. P4R PIE 1
40 INPUT A 1.N
50 LOAL ’ Tl~~T r l  Pit • W
‘-.o D I R E tNTli’ SAP I~~~ • tiE
7(1 INPUT . 1 . F
~~~~ I I I  ~F EI4TF * Pi’, 1 *  ~ S. P 1 I  3P111
‘ 14) INPUT (~~, C 1
1’’0 ~~I l ~ 1=1 II LI
I i~ i L I ~~ tNl i÷ • I; - 

• LIEL T i’ .
12 c1 INFI ~

[ 1. i .r  1 .2 ) .  F’( I • :i

1.1U ~E 1  I
140 10k i~~ 

‘ I

150 I’ I 1.-P N’ I’ • t’E~ 14 .  1 V-f -
161) INF tV ( • 1 ) .  11.1 • .~ 1. III.
1 ~1 E T I
171.. DFP LN1E~ MErsi4 . ELTI -s . .1 Ti3 F ~;

~~~ ~~~ P111. ) -  Ili
ISO (~~~ p )
190 iF Pt  ‘- I

~u 1  THEN 1’3 3
200 03=01

FOP ~ L T O  01
• 104 DI’~F EH TER E- ~ 1 -- ~.DEL 1II .~~1 +  i ’ ;

205 IPI F  I~ 11 1 . ].p- :1~~.~~). t.~ I • T

~06 El 1. .  )=bt ~.i I2(17 NE X T
210 FC ~ ( ‘~~ ~~~~ LI
.120 P( l .4 ~ -~P t I • 1 1
225 NC 1 1
.~30 ~~~ 3 - 1 1 + 1  - I •1 SILF 1

34 111 1 -  IT J— ~~1~ I
:~~~ - t~~~ 1

.~40 Ft P  1=1  I I  L.

.150) ~
( 1 . 4  J~~

[ • 11
260) P4EI~~T I
_~~ -?  1114] 1 1 1
.1.1 ~t F III 

~ I ‘ I Li L
~~~ :~~‘ F i - ’  1 , ’ 1 L1
~S5 F0~ 1~~ 

tf l  0~-
290 G’I EUF :0~iii
2~~2 El L’ 1 .lzB( I • 1 ]÷BL 1 ‘2)
.194 iF  P C I . ? ]  ‘- a & ( L ’ J -.] ~NEN *~~
296 B (L .1)BtL .4)

~S NE: T L
500 TIP • I i—TI P • I )sTI I
310 IF T(’. .j) - r T (~ •~ .i THEN ~ $5
20 T IP • 1 )T1 • 4

PtE : T I

~~4 4 I  ~~~~ I F’ : •~~~~-~~t 1. _ I l
345 IF ~~1 I • 1 ] • P[ I • I THEN 2I~i1)

~50 P (1.1 ]-~PtI ’4)
~0N E T J

370 M I l l - i l l 1+111 1
SE0 IF ‘-1. I I  ~~ — MI ~i T H EN .1170

- + 

~~(1 Ml I 3’-Ii( 4) ~~~~~

•1~ 3~~
1’
~
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TABLE B - I. (COI1~fl~JED )

391 PRINT 5E~~T POI P l ”
392 PR iN’ MEAPIa ’ M [  5 ]

~94 FOP ‘‘ U
395 PR1NT Nil
396 NEXT - °
39? FOR i 1  TO L.1
39$ PRiNT THETA 1 + + \— 11 - ‘t I
399 NEXT J
400 FCR ~ t 10 Q~410 I’ F INT -- I-i ’ -‘ 

~i(
42(1 NEXT J
430 F F ! NT MIll - . -~ ~ +

‘-- V IR RINfI ,  F • N
431 FRINT “PP~T~.E I~’ lNT TO RE~ ~.Il  P~ 

-

4 3 3  F k Z P U
435  ~ - 1 W

440 MI t ]  - r-~( 5
450 k - - F ~~- t  u
460 P13 .1 J~ P1 J . 5J
470 NEXT
4~ 0 FOR J~~I 0 IL
490 TI ~I. I I—IL ‘ ‘5 )
500 ~~ 1
510) IOF I 

~520 ~I J .I)-B( 3 .5 )
530 NEXT -I
54(1 (,OSUE .1000
“So FOP ‘~ l TO N
56(1 A(J]2AI J,~ 3)S’(1 NE\ t J
580 Dl~.F 1NF LI T F I IE  NE FOR RE~~lt’~~,’L --
590 INPUT p

~360 ST O RF ti~~ T p-4 
~2 .O

610 STOP
2001) F OR .1 ?  Y , 1  02
2005 NE 3 I~~’( I.20tt7 F ’ T I l T  II ; j ; -  

~~~~~~~~~~2010 ~iI 3
202~i NE. I i
2030 :l’o
2040 P u P  i~~0 .-u t I  TO N~~03
2(15(1 ~L~( I1.f  N’-~.1060 ‘— I ~~~ t~~A L - i l l

- .  I

2085 F-PINT NNiN~ ~M [ 1 )
2090 FOR ~t TI) LI
2100 PRINT - 

~- Pi I -- I  i ; 
~~

= Ft J. I )
+ 2110 NEXT J

2130 FOR ~ l T I’ L~2130 FR INT IpIETA ~~Ij~~~ = Ut. i i
2140 NE -Il - -

2142 IF ~~‘ r -5 THEN 2 154
2143 M(5 )~ P,( Ii
2144 Ft.jP’ J~~l ~~ LI
2 145 f ( J • 5 ) — ~~[j . t )
2146 NE~I T  J
2147 FOR i’- i TU LI
2145 ?Z I.~~~)~~~[ 1 .1 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~~~ 00P~ 1 1~-~~ ~ ~~
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TABLE B-I. (CONCLUDED )

2149 NEX T 3
2 150 FO~ ~i=I TO (~3
2151 BEJ .5)8 (J.I]
2152 NE IT -I

21~~ ~~~S.
2154 PRINT ‘ SUM j~ FE E= I HPihH 1.E~~” S 2
2155 PRINT
2160 RETURN
2170 E ND
5000 DEF F N A ¼T.
5010 G IC T ) - ~ C j . - j ] ~~~[ 1 J ’~~~T --~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
5020 RET .~~it
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i~~ 
(3.4)

i—i

where a~ ,0 — at given the sequence (v1 
- w), ... (w~ - ) and j  —

while

1i,t

Rearranging Equation (B.4),

— - 

~ ,) ~~~ + a~ . (3.5)

i—i

The set of Equations (3.5) at each value of t , t 1, 2, ... n , can

be written as the matrix equation

a — x ( j - j ) + a  (B.6)_
o — 

0

where ~ is the nxm matrix (x j~~
) and and are column vectors vith n

elements . Equation (3.6) is in the proper form for a linear regression

of the a0
’s onto the x’s; therefore , the value of the vector (j - j )

which minimizes

n
‘
~~‘ 2  Ts _ L a t~~~~ A
t—l

can be found by the veil—known solution of the normal equations for +

linear least squares regression. Thus, a mininvm occurs when

(j - ~~T~~-l T (3 7)

In general , the at’s are not strictly linear in the parameters , j.

Hence, a single calculation of (j - will not produce a minimum sum

of the squared residuals, Repeated applica tion of the process with the
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-~~~ new value of j substituted for will usually result in convergence it

the tni tial est imates of the parameters are reasonabl y good guesso8 .

Caution must be exercised when using this algorithm when the proc(88

is close to nonatatio narity or noninvertibility, because the indicated

+ 
opt imum can easil y be i~ a region of tnf .aslbility. While the partial

de r ivat ives may be obtained directly, It is usually much easier t o

~ib tatt ~ nu me r ica l es t imates  to sufficient accuracy using the relat ionship

— ( i a ~~kw_ —_‘~~

— ~a l ( w  — 
~ ),  ~ ...~ + ô ,• .~~~ 

) ) / ~.-. , (8.8)
I l ,o i ,o I rn,o I

where ~w ~~y) is the vector consisting of element s ol  the t ime series.

In imp lementing this algorithm , the value of the sum of squared

residuals , s(~),  1a calculated for each solut ion ot the parameter

vector , j. i t S(~) ~ S(~~,) ,  the vector d ifference , .L — ~~~~~~ is halved

and S(~) is calculated . i t  the new estimate of j. This process is

repeated until some value S(~) < S(~~,) or until the absolute value of

+ each element ot  the vector difference , (
~~~_

—_~~~~~~~~~, 
is less than the cor—

respond ing element of some tolerance vector , € , in wh ich case con-

vergence is assumed to have occurred. Figure B-2 is a flow chart ot

the I i.neart7.ed regression algorithm ; Table 8-Il is the program listing .

~~. Pattern Search

The pa t te rn  search is a heuristic algor i thm that  has tho

advantages , tt accelerating and following ridges, it works as follows .

The tnttal estimate of the parameter vector , j, tidesignated as a

110
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Pt

START

INPUTS: AR.MA ORDIR
INIT IAL
SERIES VALUES
TOLERANCE S

CALCULATE
X MATRIX ~

CALCULATE
— 

~0

CALCULATE
~~~ sq)

~j —~0) PRINT
— !

NO YES

~L .!o~ 
‘-~

STORE
s~$ERIES

NO 
~~~ <S(~~)? YES

END

- 

- 
Figure 8-2. Flow Chart For Linearized Regression Algorithm.
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TABLE B-Il. BASIC PROGRAM LISTING FOR LINEARIZED
REGRESSION ALGORITHM

1 DISE ‘DEFINE FUNCTIONS A (T)”
9 STOP
10 REM NI1NLINE~ R LEf4S T SCIUA RES N u N  St A R T I N G  VAL UES
2(1 DIM wS(20O J~AS( 150].PS( 10). ~5[ 1(1].~

-~S( 150,11 ]~~tSC 11,11]
30 DIM GS( 11 1~t4St 11 ].USC 11 ,11 i’B~( 1(1],t’:-C 11)
40 DISP ENTtI R FILE N~ iNR PTO
50 INPUT A 1i N
51 LOAD DATA A 1 . W
60 DT~ P ENT~R * AR COEFS , AR ORDER
E l INPUT L1 .PI
i~2 D I - 3P ENTER * Nrt [ClEFS. Mh OR DE R- ;
t2 INPUT L 2 , k i t
64 FOP P~~i T i ’  LI
65 D1SP ENTER PNI- - ;

~~~~
;. +‘ “;  ‘

66 INPU1 P(~+ ]
5? NE X T
68 FOR P’ - I T -.i L2
t-9 01SF ENTER IHEIFI - - k ’

~‘o INFI T T [ t  1
71 NFl- IT k
72 DISP ‘INTER COEF TOLER~.NC-E’73 INPUT 112

~4 D I S P  E N T E R  W CAP ;
75 INPUT Ni
76 L3—P 1
77 IF ~1~ F1 HEN -0
18 L3 Q1
80 FOP ~~ 1 To L ~85 DISP ‘ENTER B- U -- 

I- ’ ;

90 ~~~~ ~~ I
95 NEXT~~100 FOP 1-N 2 0  1 -TEP -I
110 1411+: ~ j -41[ 1]
12 0 NE~:T i
25(1 f’5~ (1~~I~~0 C~OSU[: ~0OO
270 ~~ S1
380 FOR 1=1 T i ’  N+L 2
29(1 Y[ I. - I ‘~~~4 ( I )
300 NEXT
~lII 2 M—$
3U5 IF  W1~-ii THEN -41(1
,:;t .it - 1-1=1
31( 1 1 111
22 (1 I41=:1~~t . i - + IIl 01
530 i.USIIC 30U~i34(1 FOR ~~1 TO N+ L 3

+ 350 IF W 1-~tl THEN 38(1360 XIJ. I ]~~ ;:t J. 113 --At 33’ -((1. ’(1I~ 2r-
370 GOTu 39i1

~80 xu.ij~o385 NEXT
386 COTITI 4 1 ( 1
39(1 W 1~~~1400 NEXT 3
410 FOP L 1  T I

: L I
420) 21~~F - r L ]
430 PR )=ZI -

~~ .1’(1(1(1I
440 G’~-~I’~ ~

- i i -  - .~

øs~
e
~~~~~~

ø
~
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TABLE B—L I.  (CONTINJED)

450 FOR J.l TO N+L3
460 XtJ,L+tl]a(XCJ,11]—ACJ]~

,’(0.00001-~~l~
470 NEXT J
480 PILI—ZI
498 NEXT L - - - -

495 22=L1
500 FOR L 1  TO Li
510 Zl=TCLI
520 T ( L ) i .0( 1001~~~1538 GOSUB 3000 - 

-
548 FOR -~=1 TO N+L3
55(1 Xt J,L+M+L1)=- -.X1j, 11.)—Atj]),- (1.00081*Z1)
560 NEXT 3
57(1 Tt L ]= I
580 NEXT L
590 FOR L=1 TO P1 -

595 :1=BLL][ 600 IF Z L=0 THEN 626
605 B[ L ]=~ 1*l.00001
6 10 GOSIJE 5000

- — 615 FOR J=1 TO N+L3
620 X1J,L +M+L1+Li’]=CXLJ,113_ACj])/(0.00001*Z1)
622 NEXT J
624 GOTO 636
626 8(L]=E1+0.0000l —

628 GOSUB 3000

~

1 630 FÜR J 1  TO N+L3
-
~~ 632 XtJ,L+M+L1+L2]= X(J,113—AtJ]:~---O.0(1Ei@1

634 N EXT J
636 BIL]= 1
638 N E X T L

• 640 Z1=M+L1+L 2+P1
650 REDIM ‘1t ’ 1~ 21 J,G (ZI ],H[-Z1 ],ur:i~ z1 J.R [Z1,Z1 ]

~~ 

- 670 FOR 1=1 TO 21
688 G[ I]=0

- - 690 FOR -3=1 TO Z1
708 Y t I ~ J ]=0
71(1 FOR =1 TO N+L3
720 Y(I,JJ=Y[I,J]+X (K,I)*XIK,J]
750 NEXT V
‘40 NEXT J
750 FOR =1 TO N+ L 3
760 G ( I]~ G( !]+X ( K, I] *X ( I::,l1)
770 NEXT I
780 NEXT I
790 FO R .J=2 TO 1
800 FOR 1=1 TO J
818 Y (J’I]=Yt I~ J3 +
820 NEXT I
830 NEXT J
835 MAT F’PIHT ‘

~836 MAT PRINT 6
970 MAT “ I NVIY )
980 MAT N=~’*G
1010 MAT PRINT H
1015 IF W 1=0 THEN 1(125
1020 W 1=W 1 +H (1]
1022 PRINT ‘M E A N ” W l
1025 FOR 1=1 TO Li

~~iS 
PAGE IS BEST QU ALITY pF..ACT

~~~~ 0O~FL ~~~~~~~~~ ~~ D~I)Q _.—
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TABLE B-LI . (COrITIMJED)

103(1 PC! ‘ ‘PC ‘ 3+H( 1+14 1
103 5 PPINT “PHI., “II; ’ ‘= “ IP~ I]
1040 NEXT I
1(150 FOR Fat TO L2
1060 III 3~ T( I J+Ht~~

- . 1.1)
1065 PR iNT “THETA. ,’ ;I ;”~ — ’;flI ]
1(170 NEXT 1 -

1080 FOR 1=1 10 Fl
- 
I 1u90 8(1 3=8(1 )+H( L 1+L_ .M+ I I

&095 PRINT “ 1 4 ’ - -‘ ‘ — “ B( I]
1100 NEXT I
1110 GO ~ iE 3lIH~ I

1115 IF 81 ‘~~ 2 THEN 113u
1 117 GOSUB ~0(1O1 12 ( 1  FlAT N- ~(e. -’- ’~ N
1125 GOT O 1 O 1~i i 3 c t  r i = ~1140 FOR i - I  ‘u Ci
1 150 IF hBS~ r i  1 l ’ -  I HEll i t
1160 T 1— T l-+ 1
117( 1 14F ’l
1180 IF ; i - ~~ THEN 13~~1185 P5=1 5 2
j ,~ 3(1 GOTO 2?~’
1330 S3—S1- - ’,U ~

- -
~~ -

1340 FIAT UxTkN~~’ .
13
~
O MA T R LI*V

1-350 FIAT ‘ — INV~ R - -
137 0 PRINT “RFSIT I IJA L \-A R IAN C ’ - .
1380 PRiNT ‘ I F A S T  sQu ARE S E$T IMH I’.- UI PARAME 1ERS ARE: ”
1390 PRII’ ! “II EANx ’ ; W i
1400 FÜR i~~l TO U
1410 PRINT “PHI’ -- : 1 ; - ’  -~~~~

‘ ; 
~i H1420 NEXT 1

1420 ~ OR 1 1  12 L~+ 1440 PPIHI “ 1HE Thc ’ ~: -- -= - - ; i c  I)
1450 NEXT 1
1452 FOF . 1  TO RI
1454 PRII r “ i~-, ” ;Il ‘~~

-- :8 t ! J
1456 NEX T 1
1450 FIAT ~~~~~~~~~
i4~’0 FRI ll “CO’-’APIHN E NoTR IT ; 1 -2-
14:2 0 Fit-iT V~~INT
1431 FUR J 1  ‘0)
482 At - 1~~i[ + 1
1483 NEXT

¶ 1490 01SF “ EHT E~ F III -I ~ 2 F • ~ - III
1500 INPUi A2
1510 STOP-F DATA A .A
1520 STOP -

2000 WFa141—H ( 1)
2010 FOR 1=1 hi L
2020 P C I ) a Pt II - H t I + M 3
20~O NEXT2040 FO P I~~i I~~2(150 1(1 J~~1( 1 1  -H~ ~~ + t + F 1 )
2060 NE:lT I
2t-3?&l ~OR 1 - 1 riD ~ t
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TABLE B-It . (CONCLUDED )

2080 811 )abt I • - H t  Li-t i.  • + I  I
2090 N E X T I
2 ’OO f ” T  -—1 -
3000 FOR 1=1 TL ’ L3
2040 A ll )~0(154 W I I I— BC I
3056 NEXI I
3240 ~- 1=o
~2~-0 F O P  ~~~~~ 1 - -  t - , •:

3 1— ~- t’4 - - j
‘2- i — -

~ +,~~ t* .-i ( ~- I -‘

~- _‘‘-‘O r~ ir L I  -~- - ‘~~~i s -  :si
- 21i0
‘:10 -; r ’j F
4~ 40 EJ~D
~ -~~‘ ‘ ‘ ‘ ‘ .~~F , 2’ ’~ ’ 1  _

~~~~ t ’ ~~ i i  1’  ~ I 1 1 : 1  2~) I ’ ’ 1 — i ’ 1 ’~~ 1 l ~~’) ~~-+ T [ l i 4 p i [ T• - l ]
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‘I base point , k . Def ine the vector 
~~ 

, called the temporary head,
I p.,

where the subscript i denotes the number of the temporary head and the

- I subscript j denotes the element of the parameter vector, j, that is

being perturbed. The vector 
~~~~~~~~~ 

defines a point in parameter space

about wh ich exploration is taking place. Let be some step size

associated with the parameter 
~~~~

. Let the first temporary head be the

base point, i.e., let 
~ 1,o 

— Assume is of dimension m. Perturb

each of  the elements of the parameter vector, one at a time, so that

j — 1, 2, •.. m. Calculate a new temporary head for each variable such

that the new is that vector which yields the minimum of [S(t i ii—

+ fr ), S(t~ -l 
- 

~ 
), S(t

1 ~fl. 
Note that each temporary head makes

SI ,j SI ,i

use of the best value resulting from the last parameter to be perturbed.

When all the variables have been perturbed, L~ 
is designated as

a second base point , 
~2

• It will be the best result from all the per-

turbations up to this point. The vectors and establ ish the first

pattern. A new temporary head is established at a point on the vector

between and 
~2 

and twice the distance between them. The process is

then repeated at this new temporary head. If at any iteration the tem-

porary head t~ is no better than the last base point the pattern is
,m

destroyed. This could indicate either a ridge or that an optimum has 
- 

-

been reached. Using the last base point , the perturba tion step size

is reduced and the process is repeated until it converges to a solution.

Figure 8-3 is a flow chart of the pattern search algorithm; Table B-Ill

is the program listing.
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p

START

INPUT SERIES
TOLERANCES

SEI BASE
POINT

CALCU LATE
St~

)

CALCULATE
Sit1 ~)_.l.

DECREASE YES 
~ - . N

• 
i,m ~ ?

CALCULATE
~ NEW BASE

CALCULATE
DECREASE 

NEW

STEP ALONG 0.

NO YES

NO

TOL ?
PRI NT

END

Figure B-3. Flow Chart For Pattern Search Algorithm.
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TAB LE B-I tt . BASIC PROG RAM LISTING FOR PATTERN SEARCH
ALGORIThM

10 RLT’ L~- r , :~ - 1L- lr -I ~ L E u I~ .T  -~. H p- ~- -
~~’~ H i l L i - . ~- EARiH

20 01St” i)EF r ( ‘ t - l  ‘ Oil HI, I H -

30 STOP
2~40 DIII ,s - 1 1 1 ’ : . 1 J l _ i,I 1 .F 1 - l i’ .  ‘j . ! I : 1~~~J.~~~ L i ’ t . 3 1
50 D I - ~-F £ t - IT LI ’  FILE ¶ ‘ t ~~ ill’ F~ — 5-

60 IN P U T ~
70 LOAD ‘HI - 1 1 . 1 4
8k) D T S P  lIII~~r * iit’ I LF2 ’~ HF’ ‘f LIt - -

so !HI’1 T 1.
100) Dl  -F - N ~~

- 
* flr , 1 • 1 ‘~ I l ,  • r  ~

11 0 NPt i~ L3.~ — l
1 _‘I:I i _ 11 I 1 T i l l  L I

~. 4 I  - 1’ r - - 
•

t40  I III ‘~ T L [ •

15k,) N I T  I
1’ .~ lOt’ ~-~ t T i  L•~1 l” 4 I  DI  ~- f - EIIIFF’ ~ ‘ -

180 INPUT T I 1 .1
1- ~• .1 NE- I I

— ¶ 0 )  IF i-I 1 T ~ t,
I -

,. :ii FuR 1= 1  T I
- 41’ ~ I’ - -F “ E N I E F ’  b - - - H -

- - — ‘ui ~ r il- f I • 1 ]
2t~ ’ 1 1 1 -  T
~~ t~~ - f1 -P ‘t 1FF -~ r i - ” .

267 1 HF -J 1 Ii I
.1l’’~

2 L-~ ~ lti~~ _~’ ~‘EF - ,ftI .-~~‘ 
—-i l- i - - T II~

‘ - ~~ iNPu Ill.
L’ lj  FOR 1 N+i :- i- -i - 1 2 — i  ‘5J F —

C - -0 I-If I i  - IL _ I ~ ~:

~~~~II

~i’U GO’;’LIE’ - :0) ---
15- 1 :,- - ‘_‘E 1 U .‘2 ! ~ I-~F~’ I r4 T :- - ‘ ‘ ~~~t-2 — - -

~ 1
~~‘U .11:’:, 1

t i - ’  I L  I I ,

~~
‘ ‘ k - i ~~

t , - I l  El  1. .? - 1- 1 . 1  j
t- ’0) N E T
p13 0) Fut’ t~~~i 

T i I t
~
- I 4

~ ~
[ j .  f •  j .  

•:-‘ .~tii NE:IT
‘l i’ f-I fs’ l~~. T0 ) i, .:
l .~u T E l  • _ 1 1 • 11
7~~I) r 1 2 , t I
‘4~’ L I _ ’ 1 J~ ~
s~ o ~~

‘
~

-
~~ IE: :0II~ ,

7t- i’ :~ 2 1  2 3 T rH  P ‘-- k - ~ i5-~1

7- ~j  r ; 1 3 ) - I - ’L 3~F - - t’ I — I I 0)7

~:i’*i,,, E l  I • 1’b’i 1. ~ I—:11j l:F ; ’l I
~2O F U R  1 1  ru L I

_ _ _- __________________
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TABLE B-Ill . (CONTINUED )

830 P11 • )=P~ I. 3 J
840 NE X T 1
850 FOR 1= 1 TO L2
860 T (I,2~ =Tf 1.3)
870 NEXT I
875 PR:NT ‘-s- - = ’- ; 2: :-- Ii~ ”;D
880 GOTO 740
890 I~OSLIE’ 1~ t0
~00 PRINT S ill ~~~~~~~~~~~~~~ 

- ; ‘El
910 IF D P I  T HEN ~2U914 ir AE- -

~-:~ -:3- ~2 THEN ~2U920 GOTO :20
930 PRINT ‘LUCHL MINIMUM REA- HFD”
940 DI’3F’ “ENTEF ’ FILE NP FOP F’E3I ~~:li 1 3
945 ~I’ I — ’  T i_i II
944 ~f J]= A( ~~ :i~~)
946 NE~-,T 3
950 INPUT A2
~60 ‘~TURE Dri TA ii~~.i4
970 -

~-Ti3 P106u F R I NT  ‘ rlel-I N= ” ;nI 1)
1O ’ o F1,R 1=1 10
1090 IPINT E:- - t I ;  - ;Bt hi]
1090 t’1EtT I
1100 FOR Y =i Ti) Li
1110 F’ F I I iY  ‘

~~
- - ;i;’ = ~F- L 1. 1

• 112’) NE~~T I
11:0 rl:iR i= 1 T O L2
1140 PRP’I r “ “ - ‘ 5 - ;  I; -= “~ T[ 1.1]
1150 NEXT I
1155 PETURIi
3000) F,) I~ JI~ 1 FO 03
3010 A E J )=0
3020 1k J 1 6(  i~ I I30~ O NF-
3040 ‘3i~ U
3050 FOR J = I ~~~t1 TO Ii~~’ ’ 33060 HE J ]=FNA -J )
:::U7t) ‘

~ i=~~I+A [J]t2
:E:i3~ :~i l I E -:
3090 R’ETUFN
31u0 STOP
3500 PEM P~sT TERN ~-E Ik t ’
:~5 i Q  tiE 1 J~ M(2J+D
3520 GU3IJB 3000
3525 PRINT ME 11.31
3530 IF ~i Z 3  HEN 35~ 0
3540 tit 3] M12]
3550) ‘T.O TO 3580)
355sj~ ::~ 31
3570 FIt 3 ~~t’lf I3580 tiC I ]=MC 2 I—P
3590 ~~:I-;uB 30)00
3595 F’RItIT M C I ]s ’31

~~~0) 0 )  IF ~ ‘1H~T” 
:- , 0

36 10 M t 1 ] ~ M ( 3 ]
3620 GOTU 3650
3630 Z3a~~13640 MC 3 I~ M(

T11IS ~~1GE
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1
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TABLE B-Ill . (CONTINUED )

3650 FOP I-
~1 T i  01’

~6t~0 El • I-c l I .2 1
t ,3i , U5 1 , - ‘ .‘F’
‘h.5 ~‘RI ’ i 1  F l  1 . 1  I.

7680 IF  ‘- :  :‘
~690 81 1.  I~ r- . 1. :’
370t~ Gui . $1’
37 10 r I  I.~i )~I1~ 1. 1 1
37 0)

-
• 

~ i II I • I T 1  1 . J
3,41_ i 1I.U. 1, :-i. ~
3 -  4~ r t ’  1 ‘1 1 1.1 1. ’: 1
3 5~ IF ‘;‘ :3 1HJ’
‘~ ‘ - u  ~L 1 . 1  ~~hL 1. ,- 1

I I

• I

I ‘~‘C~1’I~~0) ‘~E J
‘-1 ~,,t ~~ IJf I — I  ‘3,7

• 2~~- . )  F[ 1 . ~ ‘ 1  I • 3 1. i l l
• - .- -1’ I I -  I ‘~ : .1~ 1 ,

I- k. I~--1 ’ F’ , 1 .1 Js~~
• : - ‘ l1~ Ii ~~~

‘ -

-~~~~-0 ~L I. ,~~~i J . 2 j

I ; F 9
-JI ’

~
’ : —  I

3t: ”3” ~
[ I.~ I ’ : :. !  J

~~~~ F E I. 3 ~~ I •~~, -~‘
_
Io C,~i - _ - ~ J ’ i

2 ICI 5- , I ’L I ’ ~~
T F 3 i . 1

_ ‘~• 10 1~ - :  1H1 r4 -) 4 ’
F ‘ • i F ’  1 . 1

- ‘I’ u :‘ l l  -
~~~

- 
-. ‘l’ - 1 1  • J F  L I • I I

7 =  - - 1
‘- s_SI ‘ i X ”I , ’~ U F  t = j  TO -

-~C’ T I I • I ‘ 11 1 L
- : 

~ , $ i • ~,)0)

~~~ TI
40 o0 IF 1 2 2  TI 1~IiN 4~~40:0) ‘1!.Z: ~~~I 1.7’ )
4 ’ ’ 7~u ~~ I i )  ,l -4~I~ - ‘ I
4 i~ ,j

4~i4~) T( 1 • 1= ’’ I • : J
4~ I50 ~[1 . 1  

) r ~~J • ~~]_
I - i i  ‘I,~’~~’ls_

-‘ il ’ ’ - I’r I I~~~
’ TI I. . i.~ - i

4’’ : ‘:- t : _~ T s- I: : ;~~‘ • 1

4~ 4 ~ 
j .  3 T , I • ~‘ I

41 ’ — i_. i ’ T - ill_ l i

4~_i - i ’  ‘ I ~~~~ I . ’,
-5 

- = -

4 1-l u r~411  ~
) IT - II: - —4

4’ ‘4 - — ‘I ~~~‘‘ N - ‘-I .
4 1 1t F ‘~~ - -

~~~~~~~
-
~~~~~~~‘ ~~ = :1’ IrlEli ‘~ j 0

~~~~~~~ 
~~I

_
~

rI
,
.
~

,k
•
~~~i_ _ _  

~
, 

%
It~

1V
Ss_

~~~
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TABLE B-Ill . (cCIWLUDED)

- I  4124 PRINT “SS= ’ 4 C 3 , 2 ~
L 4130 GOTU 3506
I’ 4140 MC I )~ 2*Mt 3)— Mt )

4150 FOR 1=1 10 Q3
4168 I.1)a2*6( 1.3 1—81 1,2]
411’0 NEXT I
4180 FOR 1=1 TO Li
4i~ O PC I.: J— ,3*P( I, : I ) F (  I,.I
4200 HE: T I

- 4210 FOR 1 1  10 L , -

• 4220 1(7.:)=C~~T f 1 , 3 J_ T 1  1. 2 3
‘ I 4230 NE~< T I

4240 FElL-R N
4250 STO P

• 4260 END
5000 PEF F N H ’ T I-k l ) — F ’ t l . i ] . ,.[ T — j  l -- F’ LE’ . 1 ) . w [ T — 2 ) — r l ( I ). . 1 — f - L i , 1 ] _ p r ~~’ . i ]

-

~~~

I
i(

I 

- 

•s,.cI
~

- i  
—~~~~~~
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~~~~
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Copy) 2
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