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SUMMARY

a
Th is report describes the research —~on4u.c.~~~ under the

Office of Naval Research Contract No. NO0t14~77~ C0~~~~to in-
ves tigat e al gor it hms for loca tin g si mult an eously multiple
signal sources/jammers using linear antenna arrays and digi-
tal signal processing. Specifically, the signals impinging
on each of the antenna elements are converted to base band
and digitized. The digital samples from all the antenna ele-
men ts are fed to a computer which carries out direction find-
ing, and later beam forming and signal extraction ~ (Figure S-i).

‘
~~The problem of multiple signal source location with a

l inear array ee-i~t.e formulated~as~-~f~llows. Consider the
l inear array with n isotropic antenn\elements spaced at in-
tervals of d units. The array is oper~ ted in a narrowband
mode at a center frequency whose wavel~~i gth is y. There are
in signal sources/jammers J 1, J2, ..., located with inclina-

I tions of O
~
, 02~ 

. with the antenn \3 normal (Figure S-2)
and com plex envelope amplitudes s1, s2, ~,.  . , s~ . Let the
complex envelo pe amplitude of the antenn ~ in ternal noise
genera ted by the it h an tenna el emen t be ~4.,. Assume E{g 1}
= 0, E{g~g~} = 61~

g and E{9 s~ } = 0./
Also assume for

simplicity E{s1} 
= 0 and A IE{s~s-j’} II . Le t z1 be the

com bined signal output of ante,ina i due to the signal sources
and in ternal antenna noise and C = I~ E{z~z~ }II . Giv en C the
problem is to eva lua~e the num be r of sig nal sources and their
angular loca tions. (~ nce this problem is solved , it is a
simple ma tter to extend to the case where two mutually per-
pendicu lar linear arrays are used to determine azimuth and
elev ation angles of signal ~~~~~~~~~~~~~~~~~
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In order to solve the problem of multiple source loca-
tions , a theoretical basis is developed using the properties
of V anderr nonde determinants and vectors and several algorithms

are formulated u tilizing this basis. Basically these algori thms
consist of three computational phases. In the first phase,
ei genva lues /eigenvectors of a complex covariance matrix
formed from the sampled output signals of the elements of
the linear array are computed. In the second phase , a poly-
nom ial is formed from the eigenvectors computed in the first
phase an d in the final phase the polynomial is solved on the
uni t circle to find the angular locations of the signal sources.

The prop osed algorithms are applicable to cases where the
sourc e signal covariance matrix A is singular as well as non-
singular. The source signal covariance matrix Is singular ,
for ins tance , in the presence of the multipath phenomenon.
Using a f i rs t order per tur bat ion analys i s , the eff ec ts of
errors due to q uan ti za t ion and u ni den t ica~l variances and non-
zero covariances of an tenna internal noise signals are dis-
cusse d and a method is suggested to minim ize these effects.
Also an up per bound is derived on the computati onal errors
in the estimates of angular locations.

A compu tational analysis is presented to show that the
proposed al gorithms have a compu tational complexity of 0(n 3)
multipl ication. The most complex and generalized version
of the proposed algorithms requires approximately 175 million
multiplicat ions for n = 100 and around 50 million multiplica-
tions for n = 60. Thus if angular location of targets has
to be performed every 10 milliseconds , we require a proces-
sing rate of approxima tely 17500 and 5000 million mu ltip lica-
tions /second for n = 100 and 60 respectively. (These rates
have to be multiplied by 2 if elevatio n and azimuth angles

vi
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of the sources are required). In view of the present tech -
nologica l trend in computing, It Is feasible to implement
th e al gori th ms fo r rea l t ime an gular  loca t ion on hi g h s peed
paral lel processing computers within the next decade when
n is in the range 10 - 100.

Si m ulations are performed to investigate the behavior
of th e al gor it hms i n terms o f th e ir accurac y, reso lu t ion and
convergence. The signal sources /jammers and the internal
noises are simulated by generating independent normally
distributed random numbers. Spe cifically experiments were
con d uc ted to il lus tra te tha t in general as the numb er of
sam p les  and/or the num ber of an te nna el emen ts are Increased ,
accuracy of angular estimates improves. Also , the experi-
ments illustrate that higher number of elements and/or
higher signal power levels result in better angular reso-
l iltion of signal sources. Preliminary experiment al results
indicate that for four antenna elements, for wid e ly s ep arated
si gnal sources , an acc uracy of approximately 10 in i l l irad i ans
can be expected after 30-40 samples. Also for four elements ,
a resolution of approximately 7 degrees may be expected with
th e source sig nal to an te nna i ntern a l no ise  ra t io s a round 10
db.

In order to assess the effec tiveness of the algorithms
under real l i f e cond itio ns , actua l test data tapes were
ob ta i ned from the Naval Rese a r ch La bora tor y and the al gori thms
were applied to process data. These tapes contained covar lance
ma trices obtained from a 4-element linear array. The number
of sources varied from 0 to 10 and an analog -to-di gital con-
version scheme w ith 512 samples was used. To compute the
covar iance ma t r ices , 1024 samp les were used.

v ii
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The cov a r l a nce  matrices for the cases  where the numb er
of sources Is from 1 to 3 were p rocessed .  The r esu l t s  are
encourag ing for one and two sources (excep t  for ce r ta in  two
source c a s e s )  and the angular  er rors are be low 5 degrees.
However for three sources , the a lgo r i t hm performs less satis-
f ac to r i l y  in ter ms of reso lu t ion coa lesc ing  two or three
sources wh ich  are separated approxImately by 10 degrees into
one. Th is Is most ly due to the reasons that the data Is ac-
curate only up to the second de cima l digit and that t h e r e
are only four antenna e lements .

The proposed entirely d i g it a l approach to multiple source
location (as opposed to the hyb rid analo g -digital approach de-
veloped by Berni and Swarner of the Ohio State University 1)
should be of interest to radar system engineers who are
faced with the problem of detecting targets in the presence
of heavy jamming and to electron ic navigation specialists. H

0 ‘I

1 Swarner , W.G. an d Berni , A.J. , An A daptive Antenna Array
for An gle of Arrival Estimation System for Sensor Corn-
mun ica ti ons , Re port No. ESL3435-2 , Electro Science Laboratory ,
Departmen t of Electrical Engineer ing, The Ohio State University,
Columbus , Ohio. Also see Bern i , A .J ., RAn gle of Arriva l Esti-
mation Usin g An Adaptive Antenna Array ’ , IEEE Trans. Aero-
space and Elec tronic Systems , Vol. AES -il , No. 2, Marc h ,
1975.
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1. INTROD UCTION

This report describes the results of a research study
conducted to f ind and exp lore  a lgor i thms for ang ular  loca-
tion of multiple signal sources employing digital signal
processing and linear antenna arrays. A theoretical basi s
is presented using the properties of Vandermo nde determin ants
and vectors and several algorithms are developed using the
basis for simultaneous angular location of multiple signal
sources. For the algorith m s it is assumed that the internal
antenna noise signals in the individual elements of the linear
array have identi cal variances and are uncorrelated. Basically
the algorithms consist of determining the eigenvalues/ eigen-
vec tors of a complex covar ianc e m at rix obtained from the
sampled output signals of the line ar antenna array and solv-
ing a polynomial equation whose coefficients are obtained

r from the eigenve ctors.

j The proposed algorithms are app l icab l e to cases where
the source signal covariance ma trix is singular as well as
nons ingular. (The source sig nal covariance matrix is singu-
lar when the m ultipath phenomenon is present). The effects
of errors due to quant i zatio n and unidentical variances and
nonzero covariances of antenna internal noise signals are
discussed using a first order perturbation analysis. A
computational analys is is presented to show that the proposed
algor ithms have a comple xity of 0(n3) mul tiplications where
n Is the number of elemen ts In the linear array and that it
is feasible to implemen t them on high speed parallel proces-
sing compu ters for real ti me an gul ar loca ti on in the nex t
decade. Simul ations are performed to investigate the be-
havior of the proposed algorithms in terms of their accuracy,
conver gence and angular resolution. Actual test data was
obtained from the Naval Research Laboratory to test the al-
gorithms and the resul ts are reported. The report is concluded
wi th suggestions for future research in th is area.
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2. GENERAL THEORY OF MULTIPLE SOURCE LOCATION

The pro b l em of si mul ta neous an g ular loca ti on of mul tip le
sourc es with a linear antenna array can be formulated as fol-
lows. Cons ider the linear array with n isotropic antenna e~e-
men ts spaced at intervals of d units. The array is operated
in a narrow band mode at a center frequency whose wavelength
is v. There are m signal sources/jammers J 1, ~~
located with inclinations of 0

~
, 02~ 

w it h the an tenna
normal (Fi g. 2-1) and complex envelope amplitudes s1, s2, . .
S
m~ 

Let the complex envelope amplitude of the internal noise
generated by the ith antenna element be g 1. The following
fi rst and secon d ord er sta ti sti cs are assumed for the si g nal
an d an tenna no i se waveforms:

E {g1} 0

2
J J

E {~~ s~ } 0

Assume for simplicity E{s 1 }=0 and let A be the source signal
covariance mat, ix:

A = Ia~~I I = I IE{s ’~s~}I I

Associa te a direction vector with as follows :

2
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exp {j(2ird/v) sin O~ }

exp {j (4ird/v) sin O
~
}

exp {j(n-1) (2lTd/v) sin o~}

•
1 

—

1

Let zT = (z1, z2, ..., z~ ) where z 1 is the com b ined si gnal
outpu t of an tenna i due to th e sig na l sources an d i n ternal
antenna no i se an d gT = (g 1, 

~2 ’ ~~~ Then z can be
wr itten as:

z = 9 + S
1 q

11,

4
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the covariance matrix of the combined si gnal vector

C IIE{ z~z~}II

g2I + ~ a 1~~ 1~~
t (1)

i,j

Given C the problem is to evaluate the number of signal
sources and the i r angular loca tions us i n g the relation
(1).

To solve this problem we make use of certain remark-
able properties of the vectors of the form (1, a, a2,
a
k_ i
) referred to as Vandermonde vectors in the following.

(Note the direction vectors are Vandermonde vectors.) We
deno te such vec tors by V k(a) or simply V (c~). We need the
follow ing properties of Vandermonde vectors for our de-

4 11. velopment.

Lemma 1: Vec tors V k(a l ), I 
= 1, 2, ..., £,  are linearly

independent for k > 9~. an d ai $ ~~ I $ j.

The lemma is a consequence of the properties of Vander-
mon de determinants (NERI 67). This simple lemma has certain
interestin g conse quences . Let {x1, x2, ..., x~} be a set
of l i nearly ind ep enden t vectors w it h k componen ts, k > £ ,

and S be the space by these vectors. Assume that S possesses
a basis V wh ich consists entirely of Vandermonde vectors ,
V = {Vk(ctI), V k (c*2), ..., V k(a~.J

}. Such a basis will be re-
ferred to as Vandermonde basis and it can be seen from Lemma
1 that If a Vandermonde basis exists , it is unique.

5
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I
Theo rem 1: Let {x 1, x 2 ,  • . . ,  be a set of linearly in -
dependent k-tup les with Vander m onde basi s’ (V k(a l), V k(a2),

V k(a~
))) k > R... Le t

F [X 1 IX 2 I ... IX L]

_ _  

= [:~]
Construct po lynomials:

G(x) = w~ (W
tW)~~ WtV k l (x) - x~~

1

g 1 (x)= w~ (WtW)~~ wtV k l (x) - x 1
~’,

I = 1, 2, ..., k—i

Then f(x) = g.c.d.{G(x), g 1(x), .., g k..1(X)} possess
a2, ..., as its only roots.

Proof: The exis tence of Vandermonde basis l’ p l ies the
ex istence of £ (t+1)-tuples (a, y1, y2, ..., 

~~ 
sAtisfy-

i ng the follow i n g k nonlin ear eq ua ti ons:

* ‘
I

6
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r

i .e .  V k (ct ) = Fy (2)

where y (y1, y2, ..., ~~~~ Rewr i te  (2 )  as :

Wy = V k l (cz )

w~y ~~~~ (3)

Since a cons i s ten t  so lu t ion  y e x i s t s , y can be wr i tten as y =

(WtW) lW~V k i (ct ) and hence (3) becomes

G(a) = w~ (W tWY~ WtV k l (a) 
- ak i

G( a )  possesses  as i ts  roots a~ , a2, . . ., and (k — t - 1)
ex t raneous  roo ts .  To e l im ina te  the ex t raneous  roo ts ,  we no t e
for the desired roots:

Wy V k_ l (ct)

I.e., W(W tWY~ WtV k..l(a) = V k l (ct )

(W(W tW)~~ wt - I) V k_ l (ct ) 0

from which one can obtain polynomials g
1(ct), g2(cz),

Thus f ( x )  = gcd{G (x), g1 (x)J has as Its  roo ts
a1, a2, ..., ct~ . It can be seen that if cI* Is a root of
f(x), then y can be found so that Fy = V k (ct*) and In view
of Lemma 1, a*c { a 1, c*2,  ..., ct~ }. Thus the onl y roots of
f(x) are a

~
, a2, . . a2 .

7
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We refer to G(x) as the principal pol ynomial and g~ (x)
as auxiliary polynomials in the sequel .

Corollary 1: For k = 2 + 1, g 1 (x) 0 and hence f(x) = G(x).
• Hence a set of 1.1 . (2+1)—tuples {X1, X2, ..., X2} always pos-

sess a unique Vandermonde ba sis (for f(x) is of degree 2).

The coroll ary is interesting since it uniquely character-
izes 2 vectors by me ans of an 2-tuple (a 1, a2, ..., a2 ).

Coro l lary :~~~ If vec to rs  X 1, X 2 , ..., X2 are orthonormal,
then

G(x) = w
~
W
~
vk l (x) - (1~x)x~~’

g 1(x ) =  w~ [I+(i~ X) 1w * w~ ] W t V k I ( x )  - 
~~~

where A = Iw k~
2.

This follows by noting W~W = (I_w *wT) and apply ing
H Sherman-Morrison formula (DAHL 74) to obtain its inverse.

The implication of Corol lary 2 is that it is comp utational—
ly simpler to obtain f(x) when the vectors X 1, X2, ... , X2
are or thonorma l.

8
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2 .1  Mul t ip le Source Loca t ion  for Non-Singular Source

Signal  Covar iance  Mat r i x

The problem of mu l t i p le  source l oca t i on  when the source
signal  cova r i a nce  mat r i x  A is non-s ingu la r  is s imp ler  and

• w i l l  be cons idered f i r s t .  We show that  there are exac t l y
m e l g e n v a l u e s  of C wh ich  are greater  than ~2 and that for
their cor responding in e i g envec to r s ,  the in source d i rec t ion
ve ctors form a basis. Then we app l y The orem 1 to obt ain

• the direction (Varidermonde) vectors and consequently angular
l oca t i ons .

Consider  the combined s ignal  cova r i an ce  mat r i x  C which
can be written as:

• C = g2 1 + ~
iii

= g2I + EA~€~

where = [
~ 1 I~ 2 I !~3 I . . . ~~~ . To show that C has in eigen-

valu es grea ter th an g2, we show that the received sign al
covar i ance ma tr i x B = EA E t has m positive elgenvalues and
n-rn zero eigenva lues. We also show that the eigenvectors
of B (and hence C) can be expressed as ~ z1 E 1 wher e z~ =

I
(z1, z2, ..., z~

) Is an eigenvector of AE~E= AA.

let ri ~ z1 F~1. In order that r~ i s an eig envec tor
I

of B , we should have:

9 
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Bil

I.e. , :~A~
t :~z -

~ A~iZ

:~AAz =

E (AA-AI )~. = 0

(AA-AI )z = 0

Thus the eigenva lues of B are the same as those of AA.
It may be noted that A is Gra inian of (GANT 60) and has a
rank in and since A also has a rank in (for it Is non-singular)
it follows that B has in nonzero elgenvalues. It also follows
that these cigen values are positive since A and A 1 are both
positive definite (WILK 65).

~~ ~~2 I  ...~~ r. be the c i g e n v e c t o r s  of B that  have
elgenvalues greater than g2. Since these eigenvectors can
be chosen to be ortho norm al (for B is Fi erm itian), we apply
Corollary 2 to obtain the direction (Vandermonde) vectors.
(Note n > in for the theorem and corollary to be applicable).

We first obtain G(x) and then solve the polynomial equation
to obtain Its roots. In this case since the roots happen to
be of the form exp {-j(2Ird/v) sin 0), we res tric t our search
for the roots to points on the unit circle. This simplifies
matters considerably. (It Is our experience that the extran-
eous ro~ ts of the principal polynomial G(x) rarely lie on the
un it circle. Thus the auxiliary po lynomials and their roots
are not usually computed. Later on we consider the entire
set of polynom Ials (G(x), g 1 (x)} as an overdeterm ined non-
l inear syster% (In one variable) and compute least squared
error solutions. )

10



Ux ain pje 1: Five antenna elements are assumed spaced at half

w a v e l e n g t h s .  To s i m p l i f y  matters the c o v a r i a n c e  m a t r i x  of
antenna in terna l  no i se  Is assumed to be an i den t i ty  m a t r i x .
Three sources  a re s i m u la ted  at i n c l i n a t i o n s  of 0, . in and
— . in to the antenna normal . The source s i g n a l s  are a ssumed
to be samp les  from w h i t e  G a u s s i a n  no ise  and genera ted  by
using Box -Mu l l e r ’ s t r ans fo rma t i on  ( DA U L 74). The signal
v a r i a n c e s  are assumed to be 5 power un I t s .  A f te r  10 samples ,
the r e c e i v e d  s igna l  c o v a r i a n c e  ma t r i x  is e v a l u a t e d  and an
i den t i t y  m a t r i x  is added to ob ta in  the combined s igna l  co-
va r i ance  ma t r i x .  The e i g e n v a l u e s  of the combined s igna l
covar lance matrix are 32.8, 14.34 , 8.67, 1.0 , 1.0 and the

¶ e lg e n v e c t o r s  co r respond ing  to e l genva lu c s  having a value
greater  than 1 are:

- 

.02368 +j . 3 7 9 8 4

- .095 14 +j .11358

X 1 - .26674 -j .331 i0

- .3404 4 -j .567 00

• - .2 5265 -j .3887 1

- .42832 -j .38035

- .53024 -j.37964

= - .41012 -j.17065

- .17255 +J.O6464

- .02439 +j.12137

. _I•._ 
~~~~~ - ••



- .52973 + j .038 54

.16043 - j.01170

= 
. 4 0 6 4 9  - j.0096

- .00581 + j.04302

~~
.h1 746 + j . 10033

The principal po l ynomial 0(x) is computed as:

0(x) .19458 - .16938x - . 10721x~

+ .3269 5x 3 
- .24493x 4

There are three roots  e -~
0 , 0 ~ 0 , .9708 1, 5 .31238 , for which

4 0(x) vanishes ari d the three angular locations are obtained
with seven digit accuracy.

Now we consider the situation where there Is ‘noise ’

present in the system of non -line a r equations due to such
factors as receiver noise and the non-whiteness of antenna
noise. In th is  case the des i red  roots of G ( x )  and g 1 ( x )  do
not exactly lie on the unit circle and we seek to find the
least squared error solution satisfying the system of non-
linear equations. We write the system of nonlinear equa-
tIons as the following matrix equation:

FV k(x) = 0

12
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We minimi ze ~ = V~ (x)F F FV k(x) subject to the constraint that
x lies on the unit circle. Let x = e~

0 and  Ft F Ik Ik e
30 i k II .

Then 

~ ~ 

q~~exp(i [O1~ -(i-k)0J). To find minima, we

set ~4/~ 0 = 0 and ~
2q/~ o2>O to obtain:

= 2 ~ q~~(i_ k)sin(o 1~
_ (i_ k)o) = 0 and

i>k
= -2 ~

i>k

In ne x t sec t i o n , we ex p l a i n  a m e t h o d  w h i c h  does no t
entirely rely on the va lues  of e i gen va lues .

‘~~~~~~
.
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2.2 Mu l tiple Source Location for Singular  Source
Signal Covariance Matrix

The pro b l em of mu l t ip le source loc ati on b ecomes com p lex
if the source signal covar iance matrix A happ ens to be singu-
lar. The singularity of A may be because of the mu l t ipath
phenomenon or the deliberate enemy control and transmission
of jamming or signal waveforms. The complexity of the prob-
lem i s  due  t o the fact that there will be only m ’sm elgen-
values of C which are greater than g2 an d the corres pond i ng
m ’ eigenvectors do not form a basis for the in source direc-
tion vectors; here m ’ i s  the rank of A. Our approach to the
problem is to generate eigenvectors for different covaria n ce
matrices obtained by considering n ,n+1,... antenna elements
and select independent vectors from these sets of eigenvect-

These vectors form a basis for the source direction •

v~ctors and hence Theorem 1 can be applied to obtain angular
l..oca t ions .  It should be noted that this approach Is app li-
ca ble when A is non-singular and the e igen va l ues  of Ai’~ are

sma ll and com parable to g2, thus making it difficult to apply
the algorithms suggested in the preceding section.

C o n s i d e r :

C = g21 + ~EAE~

We show that C has in ’ elgenv alues greater than g 2 where  m ’ =

rank(A) by proving that B = ~AE
t has m ’ post ive eigenvalues

an d n-rn ’ zero eigenvalues. As before , we can prove that
E z1 E 4 is an elgenvec tor of B with an eigenvalue of A If
I
(z1,z2, ...~~ 

zm) is an el genvec tor of AA w ith an elgenvalue
of A. Since A is of rank m ’ and A has a rank rn , there are
m ’ non-zero positiv e eigenvalues of AA and co n s e q u e n t l y  in ’

pos itive eigenvalues of B. Also, one may note that any eigen-
value of B whic h has a non-zero ei genvalue is expressible as
E z1 F~1.

14
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Let 
~~~~

, 

~
,
2’ be the v e c t o r s  ~z 1~~1 w here (z 1,

is in the null space of AA and p 1, 
~2 ’

be the vectors orthogonal to the in direction vectors 
~~~~

‘

Al so let p 1, p 2 ,  . . . , ~~~~ be the c igenvec to rs  of
B (C) with an eige nvalu e of zero (g2). Then it follows
(
~

I 1, 
~
‘2’ ~~‘ ~

‘m -m ’ ‘ ‘p 1’ ‘p 2’ . •~~ forms a basis for

~~~~ 
p
2~ 

. . ., ~~~~~~111~~~} .  It should  be noted that  is or thogona l
to 

~~~~

, I = 1 , 2, ..., in — in ’ and j 1, 2 , ..., n—rn ’ .

Now we consider the situation where two sample covariance
mat r i ces  ar id C ,~÷1 

arc gene rated  from n and n+1 antenna ele-
ments and le t  the g ra mians  of the se ts  of d i r ec t i on  vec to rs
be and A~~ 1 r e s p e c t i v e l y .  It is c lea r  that  A n+i =

w h e r e ~ = (o!~, u~ , .., o ’~) and hence that  the e lgen vec to rs  of
Cn and C 1~f1 

are in general  d i f f e ren t .  Because of the nature
of t im e d i r ec t i on  v e c t o r s  it is a l s o  c lear  that the two vectors
V

1 
and v 2 formed from the f i r s t  and l as t  n components  of an

e ige nvec to r  of C n+i w i t h  an e igenva lue  greater  than g 2 be long
to the linear space spanned by the in d i r ec t i on  vec to rs  (w i t h
n componen ts ) .  T h i s  sugges ts  our a lgo r i thm.  Generate  e l gen—
vectors for C and C and s e lec t  those e i ge nvec to r s  whose
e ige nva lu e s  are greater than T (>g ). From the thus selected
set of eigenvectors of Cn+i~ ge nera te two sets of vec tors
V 1, V 2 by choos ing  the f i r s t  and last n components from each
eigenvec tor. Augment the selected eigenvec tors of C~ with
vec tors from V 1 and V 2 using Gram-Schmidt orthogonalization
procedure . Once this is done we apply the techniques de-
veloped in 2.1 to obtai n estimates for angular locations.

15



__
-\ -- --

~~~
-- • • -—-- ----=.-• . - --.--,--.-—-.- 

___

____________ ~~~~~

• 2.3 Effect of Errors on Computa t i ona l  Accuracy

There are two primary sources of error which affect
accuracy of estimates of angular  l o c a t i o n s .  The f i r s t  source
is the A / B conver te r  wh ich  int roduces errors due to f i n i t e
levels of qua nti zation. The second source Is the antenna
elements whose Internal noise waveforms may not be uncor-
related white Gaussian noises with identical variances after
a finite number of samples. The effect of this error is
that the antenna in ternal  no ise  cov a r i ance  mat r i x  w i l l  not
be a d iagonal  matr ix  w i t h  ident ica l  e lements  but a ma t r i x

• w i t h  unequal d iagona l  e lements  and non-zero o f f -d iagona l
e lements .

A s imp le  f i rs t  order pe r tu rba t i on  analysis (W I LK 65)
y ie lds  useful  ins ight  into the e f fec t  of er rors .
In i t ial ly,  we will only consider the effects of errors
on eigenvectors and show how to minimize them. Let A be
a Hermi t ian mat r ix  w i t h  e i genvec to rs  x 1, x 2 ,  . . . , x~ who se
correspon di ng e ige nvalu es are A 1, A~ , ..., ~~ For the
perturbed matrix (A + ~B) let x 1 (c )  and A

~
(c ) ,  i = 1, 2,

n be the e lgenvec to rs  and e i g e nv a l u e s .  For a f i r s t
order perturbation analysis we assume X 1 (c )  A 1 + k 1~ and
x 1 (c) 

= x 1 + c { ~ s1~ x~ }. Then it follows:
i~ j 

.

(A + cB)x 1 ( c ) = A 1 ( c )x
~
(
~
)

collec ting first order terms in c we have:

16
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A{~ s~~ x~ } + Bx 1 
= X 1{ ~ s .~ x~ ) ÷ k 1x~ 

- _______

j~ i i/i

~ s~3 (X~ 
- x~ )x~ + Bx 1 k~x 1

i,~j

Since for a Hermit ian matr ix  we can choos e x 1, x 2, ... , x~
to be orthonorma l we have

I I
s i 

= x~ Bx 1/ ( X 1 - A~ )

i.e., x~ (c) = x 1 + c ~~ ~~1 x~/(X 1 
- x~ )

jti

where = x~Bx~ . Thus the e i g envec to rs  are sens i t i ve  to
the separa t ion  of e igenva lues .

In our case it may be noted that we are interested in
eigenvectors  that are l inear combinat ions of d i rec t ion  vectors
and concerned only when the vectors  orthogonal to the direc-
t ion vectors can contaminate the desi red e lgenvec to rs .  This
immediately suggests that in general the larger the eigen-
value , the more accurate its corres ponding eigenvector w i ll
be. Thus in the algorithm described in 2.2 where multi ple
eigenvector sets are computed and a threshold T is set to

select eigenvectors , T re flects the accurac y of e lgenvectors
containing the desired information.

17
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Now we cons ider  the e f f ec t s  of errors on the roots of
the pr inc ipa l  polynomial  G(x )  us ing f i r s t  order per turbat ion
ana l ys i s .  We assume that the ob ta ined  e igenv e c to rs  of the
combined s ignal  cova r iance  mat r ix  C is orthonorma l and Coral-
lary 2 is app l ied  to f ind G ( x ) .  We ind ica te  the f i r s t  order
errors in the e igenvec to rs  as

F W + C W 1
F + c F  =e

and in A as A + CA e and obtain the f o l l ow in g  perturbed p r i nc i—
pal polynomial  G~ :

G~ (x) = G(x )  + cG (x)

where Ge(X) 
= (w ~ e W t + w~ W )  V k l (X)  + A

eX~~~
1
~ 

Note the co-

e f f i c i en t s  of G e (x)  cannot exceed in magnitude 2L. Now we
consider the roots of G~ (x)  and their re la t i on  to those of
G(x). We have by Taylor ’s theorem

G~ (x+A) = G(x+A ) + CGe(X+ A )

G (x)  + ~G’(x) + cG e ( x )

+ c~ G’ (x )

If and XR+~ 
are roots of G (x) and G~ (x) res pective ly, we

have

18
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cG (x R )/ G ’ x ) + eG

~
(x R )J and S ince IX R I = 1,A< 2k

~
c / G ’ ( x R ) .

~ 1’

— 
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• 2 .4  Compu ta t i ona l  A n a l y s i s  for M u l t i p l e  Source Loca t i on

In this section we perfor m a compu ta t i ona l  a n a l y s i s  of
the algorithms presented in preceding sections In order to
assess the feasibility of implementing digita l mu l tiple

source location In real time. These a l g o r i t h m s  have the
following three phases of computation:

1. E ige nv al ue/ Elge nv e ctor Computation

2. Polynomia l  Format ion

3. Polynomia l  So lu t i on  on the Uni t  C i r c l e

For computational analysis we select two specific algorithms
wh ich  are desc r i bed  in the f o l l o w i n g .  In the f i r s t  a l g o r i t h m
only one e igenv a l ue / e i g e nv e c t o r  compu ta t i on  is per formed ( for
an nxn F le rmimi t i an m a t r i x )  and the principal polynomial 0(x) j~
computed and so l ved  on the unit circle. To find the zeros of

the p r inc ipa l  po lynomia l  on the unit  c i r c l e , the quan t i t i e s
I G [ e x p ( j k o ) ] 1 2 , 0 = 2i r / K 0, k = 0, 1, . . .,  k D _ l , are computed
to locate the approximate ranges of the minima of G (x)1 2.
Then a Fibonaccian scheme with K F searches (ORTE 70)  is  con-
ducted to locate minima of IG(x) 1 2 and hence zeros of G(x).

in the second algorithm which is more general than the
f i r s t , eigenvalue/eigenvector computations are perfor m ed for

nxn and (n+1) x (n+1) Hermitian matrices. Eigenvectors

whose eigenvalue - exceed a preset threshold T(>g 2 ) are
selected and Gram -Schm idt orthogonalization procedure is
performed . Then principal and aux iliary po lynomials are
computed and least squared error solutions are determined

(Section 2.1).

20
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For e l g e n v a l u e / e l g e n ve c t o r  c o m p u t a t i o n s ,  one may use
4 Householder ’ s transform ations to tn -diagonal I ze the

Henmn i t ia n matrix and app ly  QR t r a n s f o r m a t i o n s  to ob ta in
e l g e n v a l u e s / e ig e n v e c t o r s  ( W I L K  6s , OAIII. 7 4 ) .  AssumIng
two Q R- i t e r a t i o n s  per ci gen va lue (DA UL 74)  an elyenv al u e /
c l g e n v e c t o r  computa t ion  for an nxn Heriii i t ian  m a t r i x  re-
quires 20n 3/3 + 0(n2) complex  m u l t i p l i c a t i o n s  or approxi-

mua tely 28n 3 real multiplications. For polynomial solution
I n  the f i r s t  a lg o r i t h m , we requi re app rox ima te l y  (K D + KF )n
comp lex  or 4 (K 1) F K~ )n  real multiplications. Assuming that
the a igon i thiim has to be per fo rmed R times every second, we
require a processing rate of ( 2 8 n 3 4 4 (K 0 F K v )n]R multi-
plic ations/second for real t ime imp lemen ta t i on .  (We re-
ta m the linear term in n since K0 Is usually large , say
around 1000). Figure 2.4-1 shows this processing rate in
MM PS ( m i l l i o n  m u l t i p l i c a t i o n s / s e c o n d )  aga ins t  the number
of elements for K 0 1000 , K 1- 60 and R 1, 10, 100 , 1000.

For the second  algorithm a si m i l a r  computational analysis

r e v e a l s  that  we requi re app rox ima te l y  [68 ,~ + (K 4- K ) .
(2 ÷ k t,.19 ) n IR real m u l t i p l i c a t i o n s / s e c o n d  If the a lgo r i t hm
has to be per formed R t imes every second.  k t r ig  is the ra t i o
of comput ing t imes to per form the s ine func t ion  and mu l t i p l i ca -
t ion.  Figure 2 . 4 - 2  shows the required processing rate against

the number of e lements for K D + K F 1060 k t rj g  8 and R

1, 10, 100, 1000.

From our computat iona l  a n a l y s i s  and the present and
future trends of computing technology (TURN 74), it is
clear that real time imp lementat ion of di gi ta l multiple
source location procedures is feasible within this decade.
(The only technological obstacle may lie In economic con-
struction of A / D conver te rs  w i t h  requ i red p r e c i s i o n ) .  A l so
the algorithms underly ing the procedures are amenable to

- - -~~~ - - ~~~~~~~~~~~~~~~~ 
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I
parallel processing and Appendices 2 and 3 show how to ex-
ploit parallelism inherent in matrix operations on a par-
ticular parallel processing computer described in Appendix
1 to speed up computation. A simple computational analysis
shows that for the algorithms proposed for multiple source
location , a speed up proportional to p may be expected using
parallel processing where p is the number of processors in
the computing system and is in the range 20 - 100.

( . 1
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3. COMPUTER IMPLEMENTATION AND NUMERICAL EXPERIENCE

A FORTRAN program was written to implement the mul ti pl e
source problem on a PDP-11/35. Only the first algorithm de-
scribed in 2.4 has been c o m p l e t e l y  implemented and in this

section we report on the numerical experience gained by using
the algorithm. The signal sources/ janimers and the Internal
antenna noises are simulated by generating independent normal-
ly distributed random numbers (using Box-Mul le r ’ s transforma-
t ion on uni formly d is t r ibu ted  numbers in [0 , 1] ( DA H L 7 4 ) )
w i th  zero mean and prespecified variances. The program was
written in double precision arithmetic (56 bits of mantissa ,
8 b i ts  of exponent )  and can handle up to 16 antenna e lements
and 10 sources. A listing of the program is attached as
Appendix 4 of this report.

V a r i o u s  numerical  exper iments  were conducted to obs erve
the behavior of the algorithm in terms of its accuracy in de-
termining signal source locations. In the first experiment ,
a linear array of 4 antenna elements with interele m ent spac-
ing of half wavelengths is assumed and two sources are simulated
at angular locations .25-u and - .3-uT radians. The signal 3ource
var ianc es are assumed to be 10 power units an d the in ternal
antenna no ise power in each element is taken to be 1 unit.
Table 3-1 shows the accurac ies  o bt a i ned as the num ber of
sam ples is varied from 10 to 100. The inaccuracies in esti-
m ates of angular locations are due to the fact that the in-
terna l antenna noise covariance matrix is not an identity
matrix as assumed. (In the simulation if the Internal noise
covar lance matrix is assumed to be an identity matrix , exact
angular loca t ions  were obtained.) Table 3-2 shows the internal
antenna noise covar iance  mat r i ces  a f ter  10 and 50 sam ples  and
the e igenva lues  of these mat r i ces .
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In the next exper iment , the e f f e c t  of the number of

antenna elements on the accuracy  of es t ima tes  is invest i-
gated . The number of samples  is  f i xed  at 30 and three
sign al sources are simulated at .1-u , •2ii and .3-u radians
with mean power levels at 10 units. The internal antenna
noise power is again f i xed  at 1 uni t .  Tab le  3-3 shows
the resul ts obtained as the number of e lements  is var ied
from 4 to 8. One can i mmed iately see that increasing the
number of antenna e lements  res ults in improved es t ima tes
of angu lar loca t i ons .

In the final experiment the angular resolution capa-
bilities of the algorithm are observed as the source sig-
nal powers and the number of antenna e lements are changed.
Two s igna l  sources  ar e as sumed  and the number of samples
is fixed at 30. In itially the signal powers are fixed
at 10 un i ts  and the angular l oca t ions  at .1-n and .2~i
radia ns. Table 3-4 shows the results of this experiment.
As the second source Is moved closer to the first , the
al gorithm coalesces both sources into one. (The extrane—
ous minima of J G ( x ) 1 2 on the unit c i r c l e  are marked by
asterisks ). Thus one can see from the t a b l e  that when
the sources are located at .1-u and .13-uT or closer , the
algorithm cannot resolve the sources satisfactorily.
h owever , increasing the power l eve ls  of the sources or
the number of elements results in the sources being re-
solved.

In Table 3-5 we show an example of coale scing two
sources into one and the results of choosing vari ous
thresholds . Two sources are simu lated at .1 and .12ur
wI th power levels fixed at 10 units. As before the in-
ternal antenna noise power Is assumed to be 1 unit and a
four elemen t linear array is assumed . By setting threshold
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at va r i ous  l eve l s , the number of eigenvectors selected Ist .
4. varied from one to three. The extraneous m in -im as are marked

with an asterisk. The same experiment is repeated with
sources loc ated at •25-ir and - .3-iT and as can be noted , no
extraneous mini ma appeared when three eigenvectors are
selected. Though extraneous minima can be eliminated
theoretically by considering auxiliary polynomials , it is
not clear whethe r such is the case when the data is con—
taminated by error noise.

In order to test  the effectiveness of the a lgo r i thm
when data was obtained from an actual antenna array, mag-
netic tapes were obt a i ned fr om NRL throu gh th e cour tesy o f
Mr. Fre d Staudaher and processed. These tapes contained - -

covar iance matrices obtained from a 4-element linear array.
The number of sources varied from 0 to 10 and an analog-to-
digital conver sion scheme with 512 samples was used. To
compute the covariance matrices , 1024 samples were used.

The covariance matrices for the cases where the numbe r
of sources is from 1 to 3 were processed and the results
ar e shown in Tables 3-6 to 3-9. As can be seen , the re-
sui ts are encoura gi ng for one source where the an gular
errors are below 4 degrees (Table 3-6). For two sources

except for two cases (File Numbers 17 and 18 In Table 3-7),
the angular errors are below 5 degrees. For File Numbers
17 and 18, it appears that the algorithm coalesces two 

P

sources into one. These cases an d File Numbers 14 and 15
were run again selec ting diff erent numbers of elgenvectors
for polynomial formation (Table 3-8). (The extraneous
minima as before are marked w ith an asterisk). For the

• three source cases (Table 3-9), the algorithm appears to

32
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~ perform less  s a t i s f a c t o r i ly .  These cases were run under

the a s s u m p t i o n  of one , two an d three sourc es and as Table
3-9 shows , In only one case (File Number 22) were the

three sources resolved satisfactoril y.

Th e main source of computational errors is in the A/U

conver ter which uses only 512 levels. Hence the data is

accura te only up to the second decimal digit and this seems
to introduce significant errors in estimates. A lso, the

num ber of antenna elements (4) is quite smal l to resolve
• sources close to each other satisfactorily. It is hoped

that we may obtain -in the near future data from an antenna

receiver system with more elements and precision.

C .  ‘
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4. CO11.~CL US IO NS AND SUGGESTIONS FOR FUTURE RESEARCH

Th is  report presented algor i thms for locating simultaneous-

ly multip le signal sources by means of linear arrays and digital
si gnal processing. Computationa l comp lexity analysis of these
a lgor i thms shows that it is poss ib l e  to imp lement them in real
time on high speed para l lel  p rocess ing  computer systems with-
in the next decade. Simulations of the algorithms yield satis-
factory resu l ts  a f ter  a small  number of i n p u t  samples  (30 - 50)
and preliminary results indicate that one can be op t im is t i c  in
expec t i ng  high resolution and good accuracy  when a r e l a t i ve l y
smal l  number (16-32)  of an tenna elements is used.

At this t i m e  it is appropr ia te  to compare the proposed
algorithms with that of Berni (BERN 7 5 ) .  For Berni ’ s algorithm ,

one i s  fo rced  to r e s t r i c t  the number of elements to m+1 where
in is the number of sources to be located. As indicated in

Sec t ion 3, better accuracies and resolution can be expected
by having a large number of antenna elements (refer to T ab les
3-3 and 3-4)  and thus Berni ’ s a lgo r i t hm may not be p re ferab le
in this sense. Also it may be clear from the desc r i p t i on  of
his algorithm that it is not applicable when the sources are
corr elated and the signal source covariance matrix Is singular.

For fu ture research , it is suggested that a thorough

experimen tal investigation be conducted to study the behavior
of the proposed algor it hms i n terms o f accuracy , resolu tion
and conv ergence at various signal source power levels and
an gular locations and at various numbers of signal sources.
The fu ture research should concentrate on evaluating the
effec ts of errors (due to A ID conversion as well as the non-
whiteness of antenna internal noise) on computational accuracy
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and me thods of minimizing these effects. The Intriguing
problem of extraneous m inima (mentioned in Section 3) should
also be examined to see whether they can be completely elimin-
ated. The effec tiveness of the proposed algorithms in locat-
ing si gnal sources that have a singular covariance matrix Is
an a rea tha t is  ye t to be e x p l o r e d  and the fu t u r e  r e sea rch
may focus on the methods of using the proposed algorithms to
comba t the tracking errors caused by multipath propagation.

• It would a l so  be of in terest  to inves tigate whether circular
and conformal arra ys may be used instead of linear arrays for
multiple signal location. Fin ally the problem of recovering

-
~~~ mult iple s igna ls  w i t h  different angles of arrival should be

- of major interest i n the f i e l d s  of commun i c a t i o n  and d ef ense

1 

and hence be pursued in the future.

- 39
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Glossar y of Symbols

No. of Antennas: n

No. of Signa l Sources: m

Signal Sources / Jammers:  J1, J2, ...,

Angular  Locat ions  of Sources:  0 p 0 2 1 0~ 
•

Wave leng th  of the Carr ier  S igna l :  v

Di rec t i on  V e c t o r s :  
~~ 

•
~~~~~~

‘

1

exp { j (2ird/v) sin 0~ }

= exp { j(4ird/v) sin

exp { j- (n-1) (2-iTd/v ) sin e~}

E = 

~~1I~~2 l”  1
~ m~ 

A =

II = A ’

Complex Envelope Amp l i tudes of Signal Sources :

Si, S2
, ... ,

Source Sig nal Covar iance Matr ix:

A = Ha~~II = l I E ( s s~) I I
Received S ignal Covar iance Mat r ix :

B = I l b 1~ ! I  = 
~~ ~~~~~~~

— 1,j

Ante nna Internal Noise Covar iance Mat r ix :

- t 
g2~
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Combined S igna l  Covariance Matrix :

( C = 

~~~~ 
= g21 + B

E igenvec to rs  of C: 
~~~,
, C 2 , ~ .,

pl~ ‘~2 ’ ‘ 

~i’
E- igenva l ues of B: 

~~ ~2 ’ ~~~~~~~
‘ 

~~~~~
‘

E igenva lues of C: 
~~~ ~2’ ~~~~~~~~ 
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KEY FEATURES OF THE G-47 1 , A NEW PA RAL L EL /A S S O C I A T I V E  CO M P U TER

1. I N T R O D U C T I O N

The G-471 is a 4th generation parallel/associative
computer whose architecture and technology produce signifi-
can t im p r o v e m e n ts i n pe r f o r m a n ce an d ma i n ta i n a b i l ity over
earlier designs , at considerably lower cost. It is des—
cribed in more detail in Chapter 2.

Its most important advantages are:

Extremely high processing rates (64 - 4096 M I P S )

Extremely high memory banthi idth (512 Mbytes / sec for •

every 32 Process ing Elements , 16 ,384 Mbytes/ s Lc for
1024 PEs)

Ma in-stream technology

Much lower cost than convent iona l  scientific computers

M i n i m a l  l e a r n i n g ti me for pro g ramm i ng

Microprogrammabi l i ty

Higher-order languages (FORTRAN , BASIC , COBOL)

M u l t i p r o c e s s i ng for  hi gher spee d an d resource  ut i l i za ti on

Para llel pipel ine capab i l i ty

Operat ion as a s tand-a lo ne unit or as a peripheral to
other computers

Operat ion wi th  of f - the-she l f  d i sks  and tapes as mass
memory

H i g h rel i ab i l ity t h r o u g h  f a u l t  to l e r a n c e  and eas y 
=

mainta inabi l i ty .

(
1
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2. DETAILED DE SCRIPTION

The f igure on the following page shows the b lock
diagram of the G— 471 . The Sequential and Control  Computer
(SCc)  is a standard or militarized minicomputer or a larger
machine if des i red .  It con t ro l s  the operations of the Proc-
ess ing -Element and Data -Routing Element Arrays (PE&DREA), and
it a lso  performs sequent ia l  computations. The optimum s ize
of th i s  Sequent ia l  and Control Computer depends on the size
of the array to be controlled (16 to 1024 Processing Elements ); -

•

on the number of control actions required (if the pr ocessing
elements perform mostly routine operations which are programmed
i n the PE local memories the demand on the control computer
is small; if the PE programs require frequent changes , the
demand on the control computer is higher); and on how many
sequent ial  opera t ions  must be performed in add i t ion  to the
array-contro l  funct ions.  The Se q uenti a l an d Control  Com puter
can be supplied with the overall system , or it can be a cus-
tomer-owned computer for which only the necessary interfaces
to the PE and Data -Routing Element Arrays and the mass -memory
con t ro l le rs  are suppl ied . The Sequent ia l  and Control Computer
has standard peripherals such as a CRT terminal and high-speed
printer , and it normally runs under a rea l - t ime d isk -opera t in g
sy s tem.

The Processing Elements (PEs) in the PE Array contain
standard minicomputers , each of which processes 16 bits ‘in
parallel. The local memory assoc ia ted  w i th  each PE is expand-
able to at leas t  56 kbytes.  This s torage area can be ass i gned
to data or pro g ram , RAM or ROM , in any mix.

The PE des igns have been enhanced significantl y as corn-
par e d to standard  m i n i com p u te rs to ma ke the mos t fre q uen t •

opera tions in the PE Array particularly fast. For example ,
DMA (direct-memor y access ) to port ions of the PE memory is pos-
s i6 le  whi le other port ions are s imul taneous l y  accessed by the CPU.
Each micropro grammable high-speed ar i thmet ic  enhancement pro-
cessor carries out 32-bit floating-point mu ltiplications at a
rate of 4 MIPS (128 MIPS for 32 PEs).

P Es can be re adi l y p a r a l l e l e d , with arrays ranging from =

16 to 1024 PE5 (256 to 16 ,384 bi ts in p a r a l l e l ) .

Eac h PE can directly address up to 16 Mbytes of semiconductor
RAM Cen tral Workin g Storage (CWS). The CWS is partitioned into
at  l eas t  as man y memor y ba n k s  as there  are  PEs to perm i t p a r a l l e l
access. Eac h PE and each Memory Bank is provided with a 64-bit
wide memory t ransfer channel a l l ow in g  a transfer rate per channe l
of 16 Mbytes/sec. Each group of 32 PEs therefore has a memory
bandwidth of 512 Mbytes / sec .

2
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l a c h  PE also has access to the ma ss m e mory , typically a
b~ nL of disks , U S IIi y co n tr o ll e rs w h i c h  ii’e operated by the
Sequential and Control Computer.

4
In some applications the data to be p r o c e s s e d  may not  be

supplied from mass memory but from real-time sensors  w i t h  a
h i g h  data rate , such as video sensors , radar , sonar , lar ge
distributed sensor arrays etc. For this purpose Real -Time I/O
Channels , each with a transfer rate of 16 Mbytes/sec , are pro-
vided .

The Data-Routing-Element Array performs the communication
func ti on among  the PEs , the Real -Time I/O Channels , the CWS
Memory Banks and the Mass-Memory Modules. It is basically a
programmable cross-point switch whose switch settings are deter-
mined dynamically by the memory addresses from the PEs , the Real-
Time I/O C h a n n e l s , the Mass-Memory Control lers , and the Control
Computer .  The ORE Array opera t ion  is transparent to the programs.

The overall operation of the PE and Data—Routing-Element
Arrays is controlled by the Control Computer. The control
funct ions are as f o l l ows :

a. Activate any single PC or any group of PEs.

b. Transmit instructions to any PE , singly or in a
broadcast mode (instructio n s can also be loaded
from CWS an d Mas s Memor y ).

c. Transmit data to the PEs (in the majority of appli-
cations most of the data would come froln the Mass
Memory and from the Real-Time I/O Channels).

d. Rece ive  da ta  and “ r e s p o n s e  s i g n a l s ” f r o m  the PEs.

e. Control the system reconfi guration to achieve fault
to lerance.

f. A l l oca te  tasks  and s u b t a s k s  to available process ing
elements.

g. Set up protection registers to limit the PEs to
p e r m i s s i b l e  p o r t i o n s  of the Central Working Storage (CWS).

A striking feature of the desi gn is the large amount of
off-the-she lf hardware used , specifically the control computer ,
the d isk  cont ro l lers , the  mass  memor y ( d i s k , drum , tape ) ,  the
control console and printer , and the processing elements them-

• selves (except for the high -speed hardware enhancement options).

A major side benefit of this architecture is that it runs
• under standard real-time disk operating systems and has all

higher language capabilities , as well as console and printer
software. Remote access via modem could also be standard

.4
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- ‘: 3. ADVANT AGES OVER EARLIER DESIGNS

Extreme ly Hig~h Processing Rates (64 - 4096 h I P S )

The minimum conf igurat ion of 16 PEs w i ll p rocess  up to
256 Mbytes/sec . The correspondin g number for the “jumbo ”
1024-PE array is 16384 Mbytes/sec .

Ex t remel y Hig h Memo ry Bandw i dth ( 512 Mbytes/sec
Per 32-PE Array)

- - The G-471 design recognizes that the high processing power
of the PEs must be supported by the ability to move data very
rapi d ly in and out of a lar ge Cen tral Work i ng S tora ge ( CWS ) .
Thus it is possible for each PE to directly address 16 Mbytes
of CWS and to transfer data at a rate of 16 Mbytes/sec . Since
PEs can operate in parallel , the effective memory bandwidth
for a 32-Pt Array is 512 Mbytes/sec .

- • Main Stream Techno lo gy

The G-47 1 i s the f i rst paral le l /assoc i at i ve processor in
main-s t ream technology us ing off-the-shelf microprocessor
assembl ies , mini compu ters , con trollers and disks. The amount
of custom circuitry is minimized . The benefits of millions of
dollars of m inicomputer R&D in hardware , so ftware , diagnostics
and education are incorporated into the G-471.

Low Cost

Because it ut i l izes many fu lly des igned and debugged
system modules which are in mass production , its hardware and
software develo pment costs are drastically lower than a machine

- 
• designed from the gate level up. With the packaging schemes

for most of the components worked out , and w ith spares readily
• a va i lab le , the manufacturing and maintenance costs  ~re also

- 4 greatly reduced .

The cost reduction over other machine s with similar
capab ility amounts to a factor between 6 and 10.

Min imal Learnin g Time For Programming

The G-4 71 is an assoc ia t i ve / pa ra l l e l  processor  computer
which “you can program on Day One ” . Ra ther than requiring its
own fundamental machine language , the i ns truc ti on re pertoire

H
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of the G-471 is derived from the instruction repertoires of
the minicomputers used . Thus , a programmer fam iliar with
m inicomputer software can use the G-471 with a minimum of
learn ing time. The execution times of all instructions are
known .

Microprogramm abi lity

The process ing el ements in the array are individ ually
m icroprogrammable , thus allowin g the ready tailoring of the
G-471 to a given application.

Higher-Order Languages

Programs wr itten in FORTRAN , BASIC , and COBOL can be
run on the G-471.

Mul t iprocess ing for Higher Speed and
Resource Ut i l i za t ion

Different processors in the G-471 can carry out different
programs s imul taneously ,  a ma jor dif ference from conven ti ona l
parallel processors wh ich usuall y per form onl y one i ns truct io n
at a ti me on all data i n para l le l .

Faul t Tolerance and Eas y Ma i ntainab i li ty

The speci al architecture of the G-471 with its high degree
of modularity , and the large amount of diagn ostics available
from the minicomputer systems components , makes the G-471
h ighly fault tolerant and maint ainable , producing a much great-
er availab ility than -is customary in machines of this complex-
I ty.

Easy Expandabil i ty

The G- 47 1 is expandable in four d i rec t ions:

- • a. Expansion in the number of para l le l  process ing
elements (up to 1024 PEs , process ing 16K b its
in para l le l ) .

b. Expansion of the fas t local se mi conductor memor y
assoc ia ted  wi th  each para l le l  p rocess ing  element
up to 56 kbytes (58 Mbytes in 1024 PE machine) .

c. Expansion of Central W ork ing Storage to 16 Mbytes
per 32 PEs.

6
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1
* d .  E x p a n s i on o f M a s s  Memor y by a d d i n g par a l l e l  d i sks

and con tr o l l e r s .

0_per ation A s a Stand-Alone Unit Or A s a  P e r i p h e r a l
to O ther Computers

The G-47 1 is configured to operate as a stand -alone
unit , or the Processing -Element and Data -Routing -Element
Array,  the Central  Work ing Storage an d th e Mas s Me mor y can be
interfaced with another computer to operate as a peripheral
which  car r ies  out spec i f i c  para l le l  or a s s o c i a t i v e  functions.
The software is separable in the same way as the hardware. This
is of advantage when the as sociative capability is to be added

-~~ to an operational computer system with a large amount of other
fully debugged sof tware which must not be disturbed .

Operation With Off-The -Shelf Disks As Mass Memory

The G-471 has been configured to operate with standard
off- the -shelf disk unit s as mass memory . This has the advan-
tage that standard disk controllers can be used with their de-
bugge d d i a gnost i cs and ma i ntenance p ro cedures.  It also a l l ows
programming of the G — 4 7 1  on other mach ines , and the t r a n s f e r
of the programs via removable disk cartridge.

7
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4. TYP IC A L APPLICATI ON AREAS

The advantages of the G-471 come into pla y in applications
which require very high processing rates and large fast memory,
and where the process i ng a lg or ith ms ~l1ow a high degree of
para l l e l i sm.

A few typical examples in this area are:

Ima ge (picture) processing, especially restoration
and enhancement , including non-standard a lgor i thms.

Radar signal processing.

Sonar signa l processing.

Fas t Four i er Tran sforms ( F FT) and o th er arra y proc es s e s .

Real -t ime beam forming.

Post processin g of image, radar, sonar s igna l -p rocessor
output data .

Seismic signal p rocess in g .

C o r r e l a ti on o f signa l s from large distributed sensor
arrays.

(. Weather p red ic t ion.

EW / ECM problems which  i nvo l ve  high data ra tes .

Mapping algor i thms.

Character str ing ( a s s o c i a t i v e )  searches of large data
bases.

Mult icr iterla searches of large files.

Missile-tracking and air traffic control problems.

Monte-Carlo ana lys is .

High-speed simulat ion.

Partia l di f ferent ia l  equat ions.

Matr ix man ipulat ions.

High-speed s imula t ion .

The G- 47 1 Is not only a data processor but can also be
used as a large array contro l ler  s ince  the outputs from the
Individual PEs can indiv idually cont ro l  a var ie ty  of external
de v ices .  
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5. RELIABILITY / MAINTAINABILITY

The G-47 1 has been spec i f i ca l l y designed for high reliability ,
maintainability and availability , using a combination of per-
formance mon itoring, fault location , self-re pair , redun d anc y
and on-l ine maintenance. The desi gn is taking advantage of many
years of pioneer ing exper t i se  in fau l t - to le ran t  d igita l  system
development at W. W. Gaertner Research , Inc.

The Control-Com puter Complex can be made dual or triple
redundan t, wi th voting if necessary . The mass memory (bank
of disks) and its controllers are ele ctrically and mechanically
segmented a l low ing  for redundant s torage o f da ta and p ro g rams
where des irable. The PEs and their memories as well as the portion
of the Data -Routing Network which services the particular PE are
moun ted on individual boards which can be electrically bypassed
and mechanically removed. The Cen tral Working Storage is par-
titioned into separate memory banks and it can be electronically
reconfigured to neutralize hardware faults.

P er formance moni tor in g and fault  loca t ion  sof tware are
prov ided , and on-line ma intenance is possible (i.e. replacement
of a faul ty module can take place with the rest of the system
operat ing) .

6. SIZING OF A SPECIFIC G-471 SYSTEM

A G- 47 1 system is s ized by analyz ing the alqor i thms
wh ich are used in the particular application area (e.g. image
processin g) and by determining the required maximum execution
rate and therefore the number of process i n g e lement s , the
amount of hi gh-speed local storage , sem iconductor Central
Work ing Storage and Mass Memory (disk , tape), real- time I/O
fac i l i t i es , as well as the desired peripherals for the control
computer.

W. W. Gaertner Research , Inc. Is ava ilable on a con-
sult ing basis to analyze customer applications and to rec-
ommend an optimum configura tion for a G-471.

9
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1. MATRIX MULTI,PL ICAT IONS

Mat r ix  mu l t i p l i ca t i ons  possess  a large degree of paral-
lelism and len d themselves to parallel processing. Consider
the mul ti pl i ca ti on o f two square ma tr ic es A and B of order
nxn. Partition the matrices into k submatrices:

- 

A 1 A 1B 1 A 1B2 -- A 1Bk

A 2 A 2B 1 A 2B2 -- A 2B k

CB~I8 2 I~ IB kJ =

A k 
— 

A kB 1 A kB2 -- A kBk

It can be seen that k2 independent matrix multiplica—
• tions have to be performed and each matrix multiplication

requ i res n3/k2 multiplications and additions.

Assuming there is no conflict in accessing A
~ 

and ~~
the time required to perform the matrix multiplication on
p processors  is

(n 3/k2) [k2/p1 n 3/p mtu

wh ere mtu (mu l t i p l i ca t ion  time uni t )  is the time required to
perform a single real multiplication. (We estimate the corn-
putat ional comp lex i t i es  in terms of mtu ’ s ) .

1

UNCLASSIFIED



-• ‘~ 
—~~~~~w,~~’ “~~~~~~F~ 

- 
~~~~ 7’ _ _ _ _ _ _ _ _ _ _

W. W. t~AER TI\JER
UNCLASSIFIED RESEARCH INC.

In matrix multiplicat ion the main problem lies in
storage orga niz ation of matrix elements to ensure con-
f l i c t - f r e e  ac .ess rather than the  e x p l o i t a t i o n  of com-
putational p arallelism. In the followin g we consider
multiplica tion of l000xl000 matrices and 1O ,000xlO ,000
matrices to il lustrate the organizational pr oblems one
encoun ters. T o s imp l i f y  the p resen ta t ion  of a lg o r i t hms
we assume the follo wing computer configuration:

CWS: 10 banks BK 1, BK 2, . . . , BK 10 of 256
Kbytes each. (2 Mbytes of Central
Storage).

PEs . 10 PEs each with a local storage of 48
Kbytes in three memory banks.

Disk Units: 1 - 2 units with a transfer rate
of 10 Mbytes/second.

1000 x 1000 Matrix Mul ti pli cation

Partition the m atrices as follows:

1000 100 100 100
2 A 1 A 1B 1 A 1B2 -- A 1B10

2 A 2 A 2 B 1 A 2 B 2 --

[B 1 1B 2 1_ _ IB 1O] 
1000 =

2 A 500 A 10B 1 A 10B 2 -- A 10B 10

2
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1. Load B 1, B2 , . . , B 10 into the ten banks of CWS.

2. Set I 0.

3. Load A 1~~1, A.~ 2, . . . , A 1,.1~ into the local storage
(PELS) of the ten processors.

4. Perform 10 computational steps described in the follow-
ing. (The procedure is described for I = 0).

p
1 

p
2 

p
3

step 1 A 1B 1 A 2B2 A 3B3 ---- A 10B~~

step 2 A 1B 10 A 2B 1 A 3B2 
- - - -  A 10B9

• 0 I 0 0

o S 0

• 0 0

o 0 0 0 •

step 10 A 1B2 A 2B3 A 3B4 --- - A 10B 1

In step 1, P ,~ per forms A 1 B and stores the result in
the bank con ta in ing  B 1 ; in step 2 , P ,~ per forms A 1 B 1_ 1 (n~od 11)
ari d stores the result in the bank containing 8i 1  (mod 11)

- - and so on.

5. Transfer  the par t ia l  products accumula ted  i n CWS to
the d isk  u n i t ( s ) .

6. If i = 490, stop. Otherwise i ~
— I + 10 ana go to step 2.

3
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Estimation of Time Requirement s

tM : Time in nanoseconds to perform a single real
multiplication (i-’

~—- 250).

‘4 t
~
: Time in nanoseconds to store (fetch) in (from)

CWS without conflicts (‘— - 500).

rt: Disk transfer rate in Mbytes/second (‘— ‘10).

It is assumed 2tM >t C and that each matrix elem ent is
8 bytes long.

To perform 
~~~~ 

we fetch (l000xlOO) matrix elements
and store (2x100) elements. We execute (2xl000xlOO) multi-
plicati ons. Since 2tM

)
~
t , the pro cess is computational

boun d.

Time ~~~~~~ required for the entire multiplication
can be g iven as

= ( t ~~~~/ 1O)  + (24 / r t ) second s .

Hence for typical tM( r~
_’ 250) and r

~
( i’..’ 10 ) we have

~~~~~~~ ‘~~-‘ 30 seconds.

In general if we have p processors and equal number of banks
In CWS ,~

~~~~~~~ = (t M/ p)  + (24/r t) seconds.

4
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4
10 ,000 x 10,000 Matrix Mul ti plication

Partiti on the matrices as follows:

‘4 1000 1000 1000 1000 1000 1000 1000 1000

x A 1 1  A 1 2  A 1 3  A 1 4  A 1 5  A 1 8  A 1 9  A 1 10  - -

x A 2 1  A 2 2  A 2 3  A 2 4  A 2 5  A 2 8  A 2 9  A 2 1 0

x A 3,1

x A 4 1  lOx

x A 9 1  
A 9 8  A 9 9  A 9 1 0

x A~~~1 A 102 A 1 03 A 104 A 1 05 A 10,8 A 109 A 10 10
—

. 
‘ I ‘ ~~

, I - I
I

10000

5
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- y
, 
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1000 B 1 1

:1 1000 132 1 , -

- 

- 
-- 

1000

1000 B4 1

1000 B~ ~
• /‘,

- 
- 1000 B9 ~

PS’,

1000 B 1 0 1  -

I
-
~~~ The values for x and y will be determined based on

disk transfer rates. The algorithm for matrix m ultip l ica-

tion can be described as follows:

1. Transfer B 11 to bank BK 1 of CWS.

2. T r a n s f e r  A 11 to BK 1 of CWS.

6
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3. Perform steps a) and b) in parallel.

a) Ass ig n ’ processor PE 1 to BK 1 and compute A 1~ B~ 1
(of dimensions x X y) using the outer produc t
expansion:

X = [ 
~
1 x~ i ~~~~~ :i ~
1

y

= 
-~
‘ X V = X 1Y~ + X 2Y 2 + 

. + X 1000 V 1000

~ 
y

b) Tr ans fer A 1 , 1+1 (mod 10) from the disk to
BK~÷1 (mod 1O)~

Figure 1-1 shows the contents and assignment of the
banks.

4. Perform steps a) and b) in parallel.

a) Ass ign P .~ to BK1+1 (mod 10) to compute A 1 1+ 1 (mod 1O )~B 1~ 1 (mod 10), 1 using outer produ ct expansion.

b ) Tra n s fer A 1 i+2 (niod 10) from the disk to BK 1~ 2 (mod 1O)~

Figure 1-2 shows the contents and assignment of the
banks.

S
.
0
0
S

7
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‘1 After the proc essors compute the x X y p r o d u c t s
(shown hatched) proceed to the next lOx rows of A and re-
pea t the process.

x _ _ _ _  lOx

AB

-U -

After exhausting the rows , repeat the process by
selecting next y columns until B is completely processed.

Determination of x and y and Time Estimates

- 

x and y are determined as follows:

S

- 

Number of multiplications ‘
~

performed by a processor ) : 1000 xy
in each stage )

10
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Number of memory accesses

1000 (x ÷ y)
necessary  to comp ute the pr oduct J

Number of fetches from the

1000 px
disc to buffer the elements of A J

For complet e overlap of disc transfers:

(1000 xy) tM>1000 (x+y ) t~ + [ ( b oo px) t0/D].

Here 0 is the number of disks and tD is the time in nanoseconds
to transfer a byte. To accommod ate three submatrices in each
b a n k :

8(2x+y)  > M B

where  MB is the capacity of each bank in Kbytes (assumed to
be 256).

For tM 
= 250, t~ = 500, t0 

= 800 and 10 processors , com-
plete overlap of disk transfers can be achi eved for 0 = 3.
For this case x and y can be given as:

x y
5 21 , 22 

-

6 19, 20
7 18

i i

UNCLASSIFIED



- 7 - - 
‘~~~~~~~“

-~~ —. — -—  -- — - - 

I _
W.W.CAERTNER

UNCLASSIFIED RESEARCH INC.

and time for ma trix mu l t iplication:

~~~ tM/ P seconds

~
. 7 hour s.

For p = 20 and 0 = 6 ,

t~~~~~~
0) 3.5 hours.

For 0/p < 3 (p: no. of p ro ce sso rs )

t~~~~~~
0) MAX (1o

3tM,P. 1o 3(t
~
÷t 0/o)/Y)

For x = 6 , y = 20 a n d  D = 1:

(10 ,000) 
16 htMATM UL ours .

4 ’

‘- F

12
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3. MATRIX EI G ENVAL U E /EI G ENVECT O R COMP UTATION

We consider real symmetric matrices and analyze the
speed -ups achievable in eigenvalu e /eigenvector computa-
tions by means of parallel processing. (Our analysis is

applicable to Hertu itian m atrices since they can be con-
verted to real symmetric matrices (11 .) There are two
main steps involved in finding the e igenva lues / e igenvec -
tors u-f a symmetric mat r ix :

1) Reduce the matr ix  to tn -d iagonal  form by
Househol der transformations. This requires
app rox ima te l y  2n 3/3 mul tipi i ca t ions  for a
nxn ma trix.

2) Apply Francis- Kubl anovskaj a QR transforma-
t ions i t e ra t i ve l y  to d i a g o n a l i z e  the t n -
diagonal matrix and obtain ei genvalues.

- ; Each i te ra t ion  takes 3n mu l t i p l i ca t i ons  and
3n divisions , and exper iments show that 2 QR
i terat ions are required per e igenva lue [2] .

H First , we ex plain Householder transformations briefly,
and show how the computation in Step 1 can be speeded up
by a factor of approximately p, the number of p rocessors .
In Ste p 1, n—2 Householder transformations are applied and
after r-1 transformations , we have

A n = Pr l A r 2 Pr i

A r 2  = Pr 2 A r 3 Pr 2

A 1 = P1A 0P1

1 - -
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* *
* * * r

* * *
A n = * * *

* * * * *
* * * * IL

) n-n
* * * *

0 * * * *
_.

- 

0

= 

rli

rr:i

-is selec ted to be symmetr ic and orthogo nal and in the prod-uct PrA 1P , the cir cled elemen ts in A r_ i are annihil ated.
Note if

r i o l r
—1r L° QrJ n-n

then
- 

0 -

I- ICrA r = PrA r i~ r = _ _ _ _ _ _  
_ _ _ _ _ _ _ _

_
0 C 

~r
8r-i~ r

where C r Qrbr_ i

Householder showe d that for any given colum n

a =  1 : 1LarJ
UNCLI~S5IFIED

I .4



-~ c_• — 
~~~~~~~ 

-
~~ 

•‘
~ 

“ I-. - — 
— 

-
----fl-— —

~~~~~~~~

--- -

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

- 
- 

-- 

-

W.W.GAERTNFR
UNCLASSIFIED RESEARCH INC.

There e x i s t s  a symmetr ic , orthogonal  matr ix  P = I-2ww T

such that w is a nxl vec tor  of unit length ( i .e . ,  ~~~ = 1)
and

*

O
P a =  0

- O

2 2 2 ½
where the non-zero e lement is (a 1 + a2 + . . + a n ) .
Thus can be selec ted to be a Householder t rans format ion
matr ix. (For an excellent discussion of Householder tran s .
format i ons , refer to Wilkinson [11.)

The major computation involved in each stage is the
eva luat i on of the p roduc t QrBr...iQr • Thus we cons ider:

A = (I_2ww T)B(I_2ww T)

and anal yze the algorithmic aspects of evalua ting A. Let

C = Bw D = 2C_2w(C Tw)

Then it follows:

A = 8~~0
T_ 0~

T

If A and B are mxm matr ices , computat ion of C = Bw and wD T

requires 2m2 mult iplications. Hence , i n the rth stage there
are approximate ly 2(n- r ) 2 mul tiplications , and Step 1 requires
2n3/3 multiplicat ions on a sequential processor. However , in
the present co mputer w i th  p p rocessors ,  the number of mtus
required to per form computat ion in the rth stage is:

(n-r )

UNCLASSIFIED
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• and hence Step 1 requires:

2 

~~~ 

(n-n) 2n 3/3p+O (n2) mtu

In  Step 2 , QR transformations are applied to diagona-
lize the tn -diagonal matrix. ~ 5th s ta ge we de com pose

A
~ 

= Q5R 5

where is ortho gonal and R5 is u pper -triangular , and
recombine to obta in

= R 5Q5

since R 5 = Q 1A 5 
= Q~A 5 , we have A

~+i 
= Q~A 5Q5. Th is pro-

cess is repeated until A
~ 

conv erges to a diagona l matrix.
In each stage , it may be necessary to introduce sh i f t s  to
acce lerate convergence , as in the following fashion:

A 5— k 51 = Q5R 5

R
~ Q 5+k 5 I = A 5÷1

Ortega and Kaiser [1] gave a meth od for s imul taneous
decomposi t ion and recombinat ion in QR a lgor i thm for tn-
d iagonal matr ices.  Let

4
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“i~~~2 
-

~2 ~2 ~3

3 a 3 ~

a 1 b2

b2 a2 b3 (
v,)

A 5÷1 
= b3 a3 b4

b~~a~

Then

“-i = — u~ _ 1

p 1 = y~/ c 1 1  (if c~~ 1 t 0)

= c~~ 2/ 8~ ( i f  c
~ _ 1 = 0)

b~ = s 1(p 1 + 8
~+i ) (1 ~ 1)

= 

~~+1/ ( P j + $~÷~ ); c1 
= p /(p1 + ~~~~~

u ,~ = s ( y 1 +

a = y .. + U 1

These equat ions are executed ser ia t im , for i + 1,2 , . . . ,  n ,
start ing wi th C 0 = 1 and u0 = 0. Also the value of and

5
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~~~~ 
are both taken as zero.

At present , there is no known method for exp lo i t i ng
parallelism in non -linear recursion equations and hence
we do not expect  a speed-up of p in th is case .  However ,
as Step 1 requires 0 (n 3 ) opera t ions  as compared to 0( n 2 )
o perat ions in Step 2 , the overall speed -up appears to be
primarily decided by the speed-up of Step 1. Since a
speed-up of p is ach ievab le  in the f i rs t  step,  we can con—
d ude that , -i n general , the speed -up for obta in ing el -yen-
values is p. 

- 

-

A s imilar ana l ys i s  app l ies  for f inding e igenvec to rs .
Since matrix multiplications of the form

(I_2W
rW~

)(I_2W n i W
~~i) 

. . . .
are involved , we expec t a speed-up of p in the first step.
In t he second step,  we perform m u l t i p l i c a t i o n s :

T T  B
~~ ~~— i

Thus , usin g the techniques presented for matrix multiplica-
tion , we can achieve a speed-u p of p.

References:

[1] Wi lk inson , J. H.,, The Al gebraic Eigenvalue Problem ,
Clane ndon Press , Oxford , 1965.

[21 Dahiquist, G., et al , Numer ical Methods , Prent ice-Hall ,
New Jersey , 1974.
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SI GL 4 N . F O R  26-OCT-77 1~ :23:0b PA G E ~

C MAI N R O U T I N E
C L I N K
C SI GL 4M= SI GL 4M, S Y S L I F 3/ }/ C  7~~~~~~IVu ISM~DT0 1~~ —

~~~
C 51 6011/0: 1/C
C SI G OI 2 / 0 : 1/ C
C SIGO I3/ O: 1/C
C 516015/0 : 1
C S 1G016 ,SIGOI- ’i/0 :1/C
C S IGO I7/ O: 1/C
C SI GO 18/0 : 1
C -

I M P L I C I T DOUBL E P R E C I S I O N  ( A-F(~~O-Z)
LOGI CAL* 1 T I M E I S ( R )
INTE GE R CA Sr~JLJM ,R E INJ T, UpDATE
COM M ON /A N SWEH/ COMP UT ( 10. 1 O ) , I C O M P I . I C O M P 2
COMMO\J/ SAVE / DI RVEC ( 1 6. 1 6, 2), XM ( 1 6~ 1 6, 2) ,  SI GVAE ( 1 6) ,  DEL FA C
1.SI G L O C C 1 - t ) , % ~L I M I T
CO MM ON /CO M COE / CO EF F (
C OMMO ~’J/ JACO lXr-l tJc 32, 32) . El G~ ’J( 32)
COMMON / CON SN T / F1.TWOPI ,ON EOPI
COM~~ON /H 2i-! /CASNUM , I RN I), 5Ji~JD, R E I N I T ,  UPDATE , ITTY ,  N LIMANT.
1,NU M SI G,MSE T ,METHOD
COM MO N/NR LT AP/ I  1~ILt sJ O ,  I

C -

CASN UM = 0
1RN D = 2 6949
JRW D = -1946 1
P1 = 3.14159265358979D0
TW OPI=2 .OI )0 *PI
O~JEOPI = 1’

C TY PE 10 -

d o  FORMAT ( ’ I N P U T  )~1LE FOR P OLYNOMIAL COMPUTATIO N S ON THE UNI T
C 1 CI RCLE? ’,’)
C CALL ASSI GNC 3, ’C O E F F .F I L ’ ,9)
C - -

TYPE 5000
5000 FORMAT( ’ TYPE I FOR I N P U T  FROM TERMINAL OR 2 FOR I N P U T  F ROM

i l ILE .  ‘f
ACCEPT 5001. I TTY

5001 F ORMAT( 13)
20 TYPE 5005
5005 F O R M A T (/ / / , ’ SELECT ONE OF THE FOLLO ’~I N G  ALGORI THMS: ’,/ /

1. ’ TY PE 1 FOR ALGORI THM THAT SELECTS EI GEN VECTORS -
2 EASED ON EI G~~J~JALUES. ‘,/
3. • TYPE 2 FOR AL GORI 11*1 THAT SF.LECTS hI GEN VECTORS
4 EASED ON IN N E R  PRODUCTS. ’./
5. ’ TYPE 3 FOR AL G ORI THM THAT SELECTS INDEPE N D EN T VECTORS FR O M ’
6,~ MULTI I’LE’ ,/ ,SX , ’EI GENVE CTOR SETS BY GRAM-S CMI DT PROCEDURE . ’)
ACCEPT 5g01 ,r IETHO D

C -
1 FLA G~~1

C
I F ( I 1 L A G . N E . 1)  6010 30

CAL L. SUBA
30 IF ( I TTY .EQ .4~ GOTO 9990

L _ _ _ _ _ _ _ _ _ _ _ _  -
~~~ 
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I F ( I T T Y . E Q .2  GOTO 40 ~~s \3~hut~~-
, CALL SU DE~( I FLAG ) TI ll5 ~~~~ 

1
~~~~~ tU~

) 
~~I F ( I F L A G .N E . 1 GOTO 40

CALL SI GOPT
GOTO 20

40 COh’JTIN~.,E
CALL SI GO 12

C
C

H X l C M E T H O D . E Q . 1)  CALL SI GOI 8
I F U IETHOD . EQ.2 CALL SI GO 17
X F ( M E T H O D . EQ.3 CALL SI G O I 6

C
C

CALL SUBCI R ( N U M A N T - 1)
GOTO 20

9990 CON TINUE
‘1 STOP

E N D
BL O CK DATA
COMM ON/NR L TAP/I F I L N O ,  I F I L N 2
DATA I F I L t s J O /~~1/
END
SUB ROUTINE CMP LXM( A. B. C, U, li, F )
DOUF3L E PRE CI Sr 0’i A, B, C, U, E, 1
E= A*-C- B*D
F=A * D+ B*C
RETURN
END

I~ .

- - - -
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SUBROUTINE SUBA
I

- 

- IMPLICIT bOUE-LE F}ECISIO’J (A-H ,O-Z)
REAL FLOAT
I~~TEGEH
CO~MON /AN S~ Eh/ COMPUT ( 10, 10),ICOMPI,ICOMP2
COMM O-’J/ SAVE / DIFVEC ( 16, 1 6 . 2) ,X M (  16, 1 6 .2 ) ,SI  GVPR ( 16),DELFAC
1, SI GLOC ( 16) , ~LI M I T
COMMON / COMCOE / COEFF ( 1€,2),THRESK.ANT’JIS
COMMO .\J/JACO/XMU ( 32, 32), El GE ’J( 32)
COMMON/ CON SNT / PI.T~’iOPIsO-N EOPI
COMMON/HU/ AIN (16.2).SIG(1 6.2),SN(16,2)
1. XI (16,1 6,2)
COMMO-’J/H2H/CASNL)M,I D,~.J JD,REINIT,UPUATE. I TTY.NUt1ANT,ILOO?
1,NUMSI G,K ~ET,METHOD
C0’IMON /NR L TAP/I FILNO, I FILN2

C
6010 ( 1000,  1200. 1300,9990) IT 1Y

1000 C O N T I N U E
TYP E 3000

3000 F OR M A T ( / / / // ,  1< ,  ‘N U MB ER 01 ANTEN N A EL E M E N T S ? ’ )
ACCEPT 3 001 . NU MAN T

3001 F OHCIA T ( 17)
• C

C SET F OR M U L T I P L E  ANAL YSI S
C

IF(METHOI).GT. 1)NUMAN T=NUMA-NT+ 1
I}-(NUMANT.GT. 1b) GOTO 1000

C
TYPE 3002

3002 F ORMA T( 1x, ’DELAY FACTOR 2 *D/LAM I3DA ? ‘)
• ACCEPT 3010. DEL F AC -

3010 F OR M A T ( 1 1 4 . 7 )
TY PE 3003

3003 F ORMAT ( 1~~~. ‘NUMBER OF SI 6NAL SOURCES?’ )
ACCEPT 3001 .NUM SI G
TYPE 3004

30eI~ F ORMA T ( 1X, ’SI GNA L SOURCE LOCATI ONS THETA/P h ’)
AC CEPT 3005, ( S I G L O C ( I ) . I = 1 , t ’J U M S IG)

3005 F ORMAT ( 5 (F 1 L i . 7 ) )
TYPE 3006

3006 FORMPT(Ix, ’SI GNAI.. SOURCE VARIANCES?’ )
ACCEPT 3005,(SIGVAR (I),I=1,NUMSIG)
TYPE 3007

3007 FORMA T ( 1x, ’UPDATF. I N T E I VAL I N  N UMBER OF SAMPL E S ? ’ )
ACCEPT 3 0 0 1 . U P D A T E
TYPE 3gg~

300~ F ORMA T ( 1X, ’ R E I N I T I A L I~~ATI ON IN T E R V A L  I N  NUM BER O F SP~1PL E S ? ’ )
ACCEPT 3 001 .REI -’ J I T
TYPE 3307

330? F OFMA T ( ’ IN T E P N A L  AN TE NN A N O I S E  F A C T O R ? ’ )
ACCEPT 3010, A-N T N I S
ITHR SS= 2
I F ( M L T H O D . E Q.2 )  6010 3530

- ---.----

~ 
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3505 ryp~. 5055o
ACCEPT 5 0 5 5 1 , I T K R S S

3630 IHITHRSS.LT.I. OR. ITHHSS.GT.2) GOTO 3505
- I-F (ITHRSS.EQ.1) THRESH=0.eDO

IF(ITHRSS.EQ.2) TYPE 50510

~33O8 F ORMAT ’ THRESH OL D - AN TENN A I N T E R N A L  N O I S E  PO~~E R ? ’ )
I F ( I T I - ! RS S .E Q .2 )A C C EP T 3010, TH RES H
I F ( M E T H OD . L T . 3 )  GOTO 3530 - -
TYPE 3330

3330 F ORM AT ( /, ’ TOL ERAN CE FOR GRAM-SCHMIDT O F - T H O G O N A L I Z A T I ON ’.
1’ PRO CEDORE 1’)
ACCEPT 3010, ’~L I M I T

3530 CASN UM = CASN UM+ 1
IJELFAC =
6010 1400

C1200 ~X P A - N SI ON  FOR F I L E  INPUT.
1200 CON TI N UE
1300 C O N T I N U E
C

NUMAN T= 4
DELFA C= 1.OD O
DELFAC= DELFAC*PI
IF (IFILNO. GT.Ø) (3010 50500

13010 TYP E 1301
1301 FOBMAT( ////,’ MAG TAPE F I L E  NUMBER S FROM ... TO . . . ?‘

ACCEPT s 0 0 0 I ; I F I L N I , I F I L N 2
50001 F ORMA T( 21 5) - -
50549 TYPE 50550
50550 F ORM AT ( ‘ TYPE 1 FOR INTERACTIVE THRESHOLD SELECTION. ‘,/

3, ’ TYPE 2 F OR N O N - I N T E R A C T I V E  THRES H OL D SEL ECTION . ’)
ACCEPT 50551,ITHRSS

50551 F O R M A T C I 1 )
I ) (I T ’-IR SS.LE. O . OP .I T H R S S . G T .2  GOTO 50549
I F ( I T k I R S S . E O . 1 )  THRE SH = 0 . ØDO
I - F ( I T H? SS.E Q. 2)  TY PE 50510

50510 FO~ MAT ( ’ THR ESH OL D F OR SELECTING EI GEN V ECTO R S?’ )
II’(ITHRSS.EQ.2) AC CEPT 5051I,THRESH

50511 FORMAT( D14.7)
I F j L NO = j F I L N I —  1

50500 IFILNO=IFILNO+ 1
I H I F I L N O . G T . I F I L N 2 )  GOTO 13010
TYPE 5 0 0 0 3 , I F I L N O

50003 }ORrIAT (///,’ NRL MAG TAPE FILE NUMBER : .12)
C - -

TYPE 50004 ,N3UMANT , IThLFP C/P I
50004 F ORMAT ( / / /, ‘ AN T ENNA ELEM ENTS : ‘ . 1 1, / ,

I ‘ DE L FAC 2* D/L AMBD A :‘ , 1P 1~~.1,/,
2 ‘ NUMBER OF SAM PLES : 1024 ’)
CALL S IGM TR
RETURN

C
11100 CONT INUE

IFCREINIT/UPLATL .LE.10) GOTO 11120
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1Z
STOP ‘ TOO MA N Y STEPS’ ~~~~~~~~~~~~~~~~~~~~~ ~~~11120 I F ( N U M S I G . L E . 1 C )  GOTO 1-411 0 ~~~~~~~~~~~~~~~~~~~~~STOP ‘TOO M ANY SI G’JAL SOUR CES ’

14110 C O N T I N U E
W~I TE(2.4002) CA SN U M —

4002 F CRMAT 1HI,///, ‘ S I M U L A T I ON OF M U L T I - S O U R C E  D I R F C T I O N  F I r ’ J l iI ’J G
I PROhL~X1’,///, CASE NUMRER : ‘,IS,///)

~HI TEC 2. ‘i003)NUMAN T
11003 FORMAT( ’ ANTENNA PARAMETER S :‘, // , ‘ NU M BE R OF EL EM ENTS ~~~‘.

1 12 )  - - -

WRI TE( 2. 40~J1i) DEL F AC* ON hOP! —

4004 F OP. MA T ( ’ DELAY FACTOR = ‘,IPD 1O.3)

11005 F ORM A TC ’ THE C O V A H I P N CE MA T R I X  OF I N T E R N A L  ANTE NN A
1 NOISES IS AS WMED TO BE’,/,’ AN IDEN1ITY MATRIX .’)

~ R h TE( P , 110g 6) , THRE SH -

11006 FORMPT (///,’ ALGO1-~I IHM PAI—AM ETER : ‘,//,3X, ‘TH }- ESHOLD
I ANTENNA INTERNAL NOISE POWER = ‘,1PD1O.3)

C
1500 ILOOP 0

I COMPI = 0
I COMP2 = 0 -
DO 11 1 = ~. N U MS I G

L 4 SI G L OC U ) = P I *S I G L O CU
DO S I = 1, N U MAN T
1)0 5 J = 1. N U M A N T
DO S K = 1,2) S X M C I , J , K )  = 0 .ODO

C MODULE DI R -VE C -GEN . GENER A TES D I R E C T I O N  VE CTO R S OF SI GNA L
C SOURCES.

DO 10 I -DI R 1. N U M S I G
)~~X = - ELFAC * D S I N ( S I G LOC ( I D I H ) )
DO 10 J UI R 1, NUM AN T
XY ~ DFLE C FL OAT CJU! R - 1 ) ) * X X
D IRVE C C I DI I ,JDI R . U = L ) COSCXY )
DI RVE CC I DI I , JD I R , 2 )  D S I N ( X Y )

10 C O N T I N U E

MFLAG = 0
RETU RN

9990 I TT Y~~4
F~ ET UR N
EN D
SUBROUTINE ~UPB ( I FLAG )
I M P L I C I T DOUBL E P H E C I S 1 O N ( A -H , O -~~)
REAL RP N,F LO A T

- — I N T E GER R E I N I T , UPD ATE , CASN UM
COMM ON/COM COE/ CO I tF IC  16, 2 ) , T H R E S H , A ’ J T N I S
COMMON / SAVE / DI R V EC ( 16, 1 6 . 2 ) . X M (  16.  1 - 6 .2 ) . S 1  G~J AR ( 16) , DELF AC
1, SI GLOC ( 3 6)
CO M MO N/J A CO ,X M U C 32, 32) • LI GEN ( 3 - )
COM M ON / CON SN T / PI . TW~OP h .ONE O PI
COMMON /H H/  Al NC 1 6. 2 ) .  SI G( I 6. 2 ) ,  SN( 1 6, 2) -

1. ) C 1 C 1 6 a 3 6, 2)

_ _ _ _  -j
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r- —- Thu 
~~~~~~~~~ —~ -- — - - - — 

S I G O I I . F O R  26 -OCT -77  13 :O i :2 1  PAGE 6

- vus PAGI IS BEST QUMiITY P~~~ CT1C~~~1~~

r~ i our~ 71.~~ 1sH~D 1~o o~c _~~~~~
—

-

V
4 COMM ON/112H/CASN UM,I RND,IJRN D,REINIT,UPDATE,I TTYINUMPNT,ILOOF

1INUMS I (3
C

I F L A G = Ø
2000 ILOOP = ILOOP + 1

C MO DUL E A N T - I N T - N O I S E .  GEN ERATES AN T E N N A  I N T E R N A L  N O I S E  SAMPLES.
DO 20 IAN T = 1, NUMA N T
ANT i = DBL E( R A N ( I }N D ,J RND ) )
ANT2 =
CALL GAUS (ANT1,ANT2,AIN (IAN T, 1),AIN (I ANT,2),ANTNIS ) -

20 C O N T I N U E

C MODULE SI G-GEN. GENERATES RECEI VED SI GNAL SAMPLES.
1)0 30 ISI G = 1, NU MSI G - -

SIG 1 = DBLE( RAN (IRN D,JRN D~~SI G 2 =
CALL GAUS(SI G1,SIG2,SIG(I SI G,1),SI G (ISI G,2),0.bDg*
iS! GVA R I SI G))

30 CON T INUE
DO 40 I S I G = 1, NU M AN T
SN (ISIG,I) = 0.gDO
SNU SI G, 2 = 0.ODO
DO 40 JS I G = 1, NU M SIG
CALL CMPLXM( SI G(J SI G , 1) , S I G(J SI G , 2 ) , D I R V E C ( J S I G , I S I G , 1) ,
1 D I I V E C ( J S I G , I S I G , 2 ) , A l , A 2 )
CALL CM FL XA( SN( 151 6, 1) ,  SN( I SI G, 2) ,  P1, P2, SN( I SI (3, 1) .
1 SN( I SI G. 2 ) )

40 C O N T I N U E

C MODUL E COMBINE. COM BIN ES ANTENNA INTEN AL NOISE AND RECEI VED
C SIGNALS.

DO 50 I COM = 1, NUMA N T
SN( I COM , 1) = AI t ’J (ICOM, 1) + SN ( I C O M .  1)
SNC I COM ,2) = A IN (ICOM ,2) + SNC I COM ,2)

50 C O N T I N U E

C MODU L E COM-C OVAB -t4AT . COMPUTES THE COVAR I ANC E M A T R I X  OF TH E
C COMBI N ED SI GNAL SAM PL ES .

DO 60 I COM = 1. NU MA N T
DO 60 JCOM = Is  NUMA N T
CALL CMPLXM ( SN ( I C O M . 1), -SN ( I C O M .2 ) , SN ( 1 JC ON I ,  1) , SN ( J C O M , 2 ) ,
I A 1 , A 2 )

XM ( I C O M , J C O M , 1)  = XM ( I C O M , J C O M 5 1 )  + Al
XM ( I C O M .JCO M , 2) = X M ( I C OM ,J C O t ’ 1,2 )  + A2

60 CONT INUE

C MODUL E UBDAT E -CO VAR- MAT . UPDATES CO VAR I AN CE MATRIX OR
C REINITI ALIZES TO ZERO MATRIX .

1)  (M O D ( I L O O P , R E I N I T ) . N E . O )  GOTO 3000
I -F LA G= 1
RETUR N

3000 CO N T I N UE
I F  C M O D ( I L O O P , U P I ) A T E ) . N E . O )  (3010 2000
1)0 70 I UPD = 1, 2 *N UMA ’JT

-
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DO 70 J UPD = 1, 2 *NU MP N T
70 XMU(IIJPD,JIJpD) O .OD O

L *LOOP= DBL E( F L O P T ( I L O O P ) )
U TYPE 7 . ( X M ( I U P D , J U F D , K U P D ) / D F L O O P , H U P D = 1 , 2 i , J U P D ~~I , N U M A N T ) ,

-
, 

- I I U P D = 1 , N U M A N T )
75 FORMAT (8(1x,F7.4))

DO 80 IUPD = 1, NUM AN T
DO SO JUPD = 1. NUMAN T
XMU (I UPD,JUPD) = XM (IUPD,JUPD. 1)/DILOOP

I UP D+NUMA.N T ,  JUPD+ N UMAN T )  X M (  I URD , JUPD, 1) /DF LOOP
XMU ( I UPD , JU PL }+NUMAN T )  = -XM (

80 CONTINUE —

I F LA G= 0
RETURN
END
SUIThOUTI NE CMPLcA A. B, C, D. E, F)
DOUBL E P}’.ECI SI ON A, B, C. D, F, F

RETURN
END
SUBROUTINE (~MFLX D( As B, C, 1), h, F )
DOUBL E PRECI SI ON A, B, C, 1), F, F. U
G=C*C÷ D*D
E=A*C+B*D

— 
F=B*C-A*D

F. / U

RETU RN
END
SUBROUTINE CMPLX T(A,F,C,D
DOU13L E FRECI SI ON A, B. C, D
C=DSORT ( A*A+F*B)
D= DATAN2 ( 13.A)
RETURN
END
SUBROUTINE GAUS ( A1.A 2.B1,B2, SIG)
IMPL I CI T DOUBLE PRECI SI ON (A- I-1,O-Z
COIMON / CONSNT / PI,TWOPI ,ON EOPI
A=-2. O1)O*Sj 6* DLOG ( Al )
A= DSQRT (A)
El = A* DCOS ( T W O P I *A 2 )

= A* DS IW ( T W O P I *A 2 )
RETURN
E N D
S U B R O U T I N E  CMPLX C( A. B, C. 1))
DOUBL E PRE CI SI ON P. P. C, U
C= A* DCO SC }3

I RETURN
EN D

I 
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SUBROUTI N E S I G O I 2
IMPLICI T DOUBLE PRECISIO N (A-H.O- ~~)REAL FLOAT

C
~~
- COMMON/SAVE/DIRVEC (1 6.1 6,2),XM(i 6,1 6,2),SI GVPH (1 6),L)ELFAC

- 1 , S I G L O C ( . I 6 )
COM M ON / JPCO/XMU ( 32. 32). El GENC 32)

C
INTEGER CASN UM,REINI T,UPDATE
COMM O.’J/H2H/CPSNUM,IRN D,JRND,REINIT,UPDATE,lITy,NUMANT
1,ILOOP,NUMSIG.MSET,METHOD

C
C U~E XMU2 TO GEN EI GEN2 V IA JACOBI
C

CALL JACOBI(2*NUM ANT,50,1.OD-10,1.@D-l0,1.OD- Io)
IF(METHOD.EQ.1) RETURN

t CALL ASSI G N ( l ,  ‘ S I G P 2 . T M P ’ .9)
~,lRI TE (1 ,I 0)NUMAN T

10 F O R M A T C 1 3 )

— is F ORMAT (1x,4D15.5)
WRI 1, 15)( hI G~N( I), 1= 1. 2*NUMANT)
CALL CLOSEC 1)

C
C GEN PASS 1 DMA NO W

DIL= DBLE( FLOAT( I LOOP))
NM AN T I=NU MAN T- 1
DO 80 I=1 ,NMA NTI
DO 80 J=I.NMANT1
X M U ( I . J ) = X M ( I , , J , 1)/D 1’L
X M U ( I + N M A N T 1 , J + N M A N T I ) = X M ( I , J ,  1) / D F L
XMU C I , J + N M A N T I ) -X M ( I .Js 2) / D F L

80 CONTINUE
C

CAL L J ACO BI ( 2 *N M A N T 1, S 0 ,  I . O D - 1 0, 1.00- 10 .  I . - Ø D- 10)
RET URN
E N D
SUBROUTINE JACOBI (N,ITMAX.F.PSI ,EPS2 ,EPS3)
IMPL iCI T DOUBL E PRECI SI ONCA-t-j,O-Z)
COMMON /JACO/A ( 3 ,32), El Gk2$( 32)
DIMEN SI ON TC 32.32),AI K(32)sNOC 32)
LOGI CAL FINE

C TYPE 6666,A
06666 FORMAT (’ JACO ’,/(S( 1PE9.3)))

DO 4 1 1. N

- - 1)0 4 ,J = I ,  N
-4  T CI . J)  = 0.01)0

NMI = r9-1
SIGMAI=0 . 0
OF l DSQ~’0.0
DO 5 I=IsN
SI  GMAI~~SI GMA I+A ( 1.1 )**2
IC I . 1) 1 • 0
IP I— I +l
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1
~~~~

DO 5 J= I P 1~ N ~~~ 
O~
)PY T~~~IS HE]) TO DDC

5 OFFDSQ=OFFDSQ+ACI,J)**2
6 S=2 .0*OFFDSQ+SI GMA1

DO 26 I T E E = 1 , I T M AX
DO 20 I = l . N M 1
I P 1= 1+ 1
DO 20 J=IPI.N —

Q= DABS ( AC 1.1)-AC J. J))
IF CQ.LE • hPS1 ) GOTO 9
IF (DA I3S(ACI.J)).LE .EPS2) (3010 20
P=2.g*ACI.J)*O/(AcI.I )—ACJ ,J))
SPQ= SQRT (P*P+Q*O)
CSA= DSQRT (( l.0+Q/SPQ)/2 .0)
SNA=P/( 2. 0*CSA* SF0)
(3010 10

9 CSA= 1 • 0/DSORTC 2. 0D0
SNA= CSA

10 CONTINUE -

DO 11 K=1,N
HOLDKI= IC K, I)
1-CK,r)=HOL DI-cI*cSA+T (K,J)*SN A

11 T C K , J ) = H 0 L L ~K I *SN A - T (K , J ) *C SA
DO 16 FC=I5N
I F  C } -C .GT .J )  GOTO 15
AIK CK )=A (I ,K )
AC!, K) =CSA*AI K ( K)+SNA *AC K, J)
IF CK.NE .J) GOTO 14
A( J . K ) = S N A*AI K ( K ) - C S A * A ( J , K )

14 GOTO 16
15 HOL DI K= A ( I . K )

AC I , K ) = C S A * H O L D IK+ SNA *A ( J , K )
AC J ,K )  =SNA *HOL DI K- CSA *A( J . K )

16 CONTINUE
A IKCJ )=SNA *A I K( I )-CSA *A IKC J)
DO 19 K=l .J
IF CK.LE .I) (3010 18
A C K.J) =SNA *A IK (K)-CSA *A ( K,.))
GOTO 19

18 HOL DK I =A( K ,I)
A (K, I )=CSA *KOLDKI+SNA *A (K ,J)
ACK.J )=SNA *HOLDKI-CSA *A ( K ,J)

19 CONTINUE
20 A (I~~J)=0.0

SIGMA 2 =0 . 0
1)0 21 I = 1,N
EIGLNCI )=A (I.I )

21 SI GMA2=SI GMA 2+EI GEN ( I )**2
I F  I I . 0 - SI G M A I / S I GMP 2 .LT . F.PS3) GOTO 100

26 SI GMA1=SI GMA2 - -

-

TYPE 200
200 FORMA TC 1X , ’CON VERGEN CE DID NOT OCCUR’ )

RETURN --

C PROGRAM TO SORT THE EI GE)JVALU FS IN DESCEN DING ORI)ER .
100 1)0 5 0 0 1 =  I a N  —
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500 N CC I) = I F1~~ O(~PY 

j~~~1SliED TO D~) Q ~~~~~~~~
501 FINE = •TRUE.

LeO 510 J = 2. N
IF (LIGLN CJ-1) .GE. FIGE-NC J )) (3010 510
FINE = .FPLSE .
IMP = EI G E ’J C J - 1 )
EI GL ’J (J - 1)  = E I G E N C J )
EIGEN:J = IMP
fSJThP = NOC J-1)
NO CJ -1 ) = NO (J)
NO CJ) = NTM P

510 CONTINUE
IF C.NOT.F INE) GOTO 501
TYPE 700,tN/2,C EI GEN(I),I = 1,N)

700 F OFiMAT( //, • EI GENVPLUE$- FOR ‘.13, ’ ANT ENNA ELENENTS : ,/
1 ,C1X .5F14 .7) -

DO 6 S O I = 1 , N
DO 650 J = 1. N

650 AC .),!) = TC J,NOCI)
RETURN
END

— - - --~.--~~~~~~~-— -———---—---—-.- -———.- ---
~~~—~~~
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SUBROUTINE SUBCI R C N )
IMPLICI T DOUBLE PRECISI ON (A-H.O-Z) -

REAL FLOAT
INTEG ER CASNUM,REINIT,UP1)ATE

. COMMQN/MSWER/ COMPUTI 10~, 10),ICOMP1 ICOMP2
C~ ’1MON / COMCOE / C OE F F ( 16 ,2 ) ,T H R E SH
C~~’1MON/ CON SN T / P I ,T~~OPI ,ONE 0PI
COMM C~J/ SASJE/ DI RVEC ( 16. 16.2) ,XMC 16, 16,2). SI GVARC 16), D E .LF A C

1,SI GLOC( 16) .~~L I M I T
COM M ON /H2H/CASNUM , I RM D,JRN D, R E Z N I T ,  UPDATE, ! TTY ,NU MAN T ,ILO OP
1.NUMSI G ,MSET
REAL AC 1024,2)
DIMENSION EE~LT (15),PHIVAL (I5)

C -

D TYPE 5500,MSET
1~~500 FORM AT( ’ SUECI R.

I N L X O
ICOM?1=ICOMP1+1
ICOMP2=0
TPI DN U= TWOPI /1 024.
CALL ASSIGN(3,’COEFF.-FIL’,9)
REWIND 3 -- -

READ( 3)A
CALL CLOSE (3)
X 1= DEL El AC 1024, 1) )
X2= DBLEC A( 1024,2))
RESSA~J= CAL FUN (X1,X2,N)
SLPSAV= 1.eDO

• DO 300 LOOP = 1~ 1024 -

X l  = DBLE (A(LOOP,1)) I -

X2 = DBLE CACLOOP ,2))
Hi = COEFF (tJ+1.1 )
R2 = COEFFCN+1.2) -

DO 1 0 I = N . 1. —1
R 1 1 = R 1 * X l - R 2 * X 2
R12 = R1*X2 + R2*X 1
RI = COEFF (I,1) + Ru
R2 = COEFF (I,2) + R12

10 CONTINUE
RE~= R1 *R1 + R2*R2
SLOPE=RES-RESSM 1
IF(L OOP .EQ . 1)  SLPFST= SLOPE
IF C SLOPE.LT.0.0D0) GOTO 290

I 
- 

1b(SL OPE. EQ.0. ODO) GOTO 200
I F C S L P SA V . GE. 0. ODe) GOTO 290

200 DFL= DBL EC
DPLM2= DFL- 2. ODO 

-

210 CONTINUE
X1=TPI DNU*DFLM2
X2= TPI DLIU *DFL
IN I~C = IN DC +1
CALL FBOrIAC(X 1.x2 , RE a.T C I N D X ) )
X1 =DCOSC RESLT( INDC )
X2= DSI N R E S L T C I N D C ) )
PHIA CALFUN (XIsX2 ,N )

A
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FROM COPY T’ I ISHE]) TO D1)C ...... .-~~

D TYPE 6066,PHIA,RESLT (INDC)
L6C66 F OEMA TI ’ PHIA = ’.1PDI Ô.8s ’ RESLT ’,016.8)
C -- - - -

PHI V P L ( I N D O = P H I A
I F C IN D C . L E .M S E T )  GOTO 290
DO 240 I = l . M SE T
I F C P H I A . G E . F H I V A L ( I ) )  6010 2110
PHI V A L ( I ) = P H I A  - ! F O U N D  A LESSER VALUE

• RESLTCI)=RESLTCINDO
GOTO 245

2110 C O N T I N U E
C 

-

C
2115 I N L ~i I N D X - 1

GOTO 290
251 CONT INUE
D TYPE 6 02 9 ,RE SL T . I N D ~C ) , P H I A
£6029 F OR M A T ( ’  A= ’, 1?D 16.9 . ’, P1-I l OF A ’,D 15.9)
2~0 SLPSAV= SLOFE - -

RESSAV=RES
300 CONT INUE

1FCSL OPE . GE .0 .0  GOTO 310
IF C SLPFSI.LE.O.0) (3010 310
DFL~~0.0
DFLM2=-2.ODO
(3010 210

310 CONTINUE
C

TYPE 3390
339 0 FORLIAT(//, • ESTIMAT E S OF AN GULAR LOCATIONS : )

DO 340 I= 1 INDC
A 1=RESLTC I) /DE~.FAC
IF (Al.GT .1.ODO) A1=A 1-2.ODO
A1=DATANCA1/DSORT ( 1.000-A1*A1))*ONEOPI

C I COMP2= I COMP2+ I
C CCMPUT (ICOMP25I-COMPI)=AI

SQRPHI =DSQRT( PHI V A L C I ) )
TYPE 345s1sA 1.SQRPHI

345 F ORMAT ( /, 5x , ‘SOURCE ‘.12, ‘ : ‘,/
1~ sx, • ESTIMATED AN GOLP~ LOCATI ON IN BAD! ANS/PI : ‘s F 11 • 7, /
2. SX. ’ RESI DUAL ERROR ON UNI T CIRCLE : ‘,1PDI 1.-4)
CONTINUE

C
RETUR~’IEND
DOUBLE PRECI SI ON FUNCTI ON CA L F U N (X I ,X 2 ,N )
IMPLICI T DOUBL E PRECISION (A-K .O-Z)
CLII M ON / COMCOE / COEF F (  16, 2 ) ,THRE SH
Hi = COEIF (W+t ,1)
R2 ~ COEFFCN+1,2)
DO 10 1 = N, 1, — 1
1111 = R1*X 1 - R2 *X 2
R12 = R 1*X2 + R2*X I
Ri = C OE P F ( 1 . 1)  + Ru
R2 = C O E F F C . I ,2 )  + R12
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10 CON TI N UE YrIO* oo~~ IURIIIS HE]) TO DDC _—

CAL FUN = R 1*R 1 + R2*R2
IS E.TUEi’J
END

F - SUBROUTINE FEONACC PIN, BI ts), RESLT)
C
C FIBONA CCI SEQUEN CE
C
C INPUTS AIN .EIN
C
C OUTPUT REEL T

H C
H I M P L I C I T DOUBL E PRECI SI ON C A -H ,0-Z)
H INTEGER CASN UM, REINIT, UPDATE

COMMON / .COMCOE / C O E F F C 1 6, 2 ) , T H R E S H
COMMON’H2H/CPSNUM,I D,J D,REINJT,UFDATE,J TTY,NUtsIANT,ILOOp
1.NUM SI G
DIMENSI ON TIC 60).T21 60),TAUC 60),A ( 60).BC 60)

-~ DATA IRSTFL /0/
DATA MAX /60/

C
C COMPUTE FIBONACC I SEQUENCE
C

I F C I R S T F L . t ~JE . g)  6010 29
IRSTFL= I

C
TAUC 1) = 1 • ODO
TAU (2)=1.-ODo

C
DO 20 K= 3 .MAX !COt4PU TE TAU

20 TAU(K)=TAU(K-1)+TAU( K-2)
C
C

AC 1 )=A I N
- - B ( 1) = B I N

C
N =NUM AN T- 1

C
DO 110 K = 1,MAX- 2
TLCK+1)= (TAU (MPX-1-K)/TAU CMAX+1-K))*CB (K)-A(K))+p(K)
T2 (K+ 1)= ( TAU (MAX-K ) / TAU (MAX + 1-I-C ) )*( BCK)-A (K) )+A (K)

C
X1=DCOS (T1 (K+I))

- X2= DS INCT 1 (K +1))
Ri = COEFFC N+i ,1)
R2 = COEFF (N+1 ,2)
DO 10 I = N. 1, —i
31 11 = R1*X 1 - R2*X2
R12 = R1*X2 + R2*X 1
Hi = COEFF (I ,1) + RU
R2 = COEH~(I,2) + R12

10 CONTINUE
PHI 1= R 1*R 1 + R2*R2

-C
X1=DCOS ( T2(X +1)
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X2= D S I N ( T 2 C K + 3 ) )  ~~~~~~~~~~~~~~~~~~~~~~~~ 
m..u~~~~~~

Ri = COE 1~F (N + i , 1)
R2 = COEF1~CN + 1,2 )
DO i i  I = N, 1, — 1
Ru = R1*X 1 - R2*X 2
R 12 = R1*X 2 + R2*X 1
Ru = C O EF F ( I , 1)  + Ru
R2 = C O E FF C I ,2 )  + R 12

11 COIJ T INU E
PHI2 =  R 1*Rl + R2*R2

C
1 1(F rj j l .GE . P H I 2 )  GOTO 30~
AC K + 1) =~~(K )
BC 1) =T2( 1)
GOTO 39

C
30 A( K + 1) = T i ( K + i )

BC K + I ) = B C It)
C
3? CON TINUE
C TYPE 300~ K, A C K ) , B C }C ) , T 1 ( K + 1 ) , T 2 ( K + 1) , p H I 1 ,P H I 2, A C K + 1) , E ( K ÷ 1 )
L~3Oø f OP.MAT ‘ K= ’,13

4 D 1, ’ A( K ) = ’.IPDlS.g, ’ E( }C)= ’,D15.9
D 2, ’ T 1( 1C+ 1) ’,D 1 5.9., ’ 12 (K+ 1) ’,D 1 5.9,/
D 3, ’ PHI1= ’.D 15.9. ’ Pg12= ’,D 15.9
I) 4, ’ i( }(+ 1)= ’,D15.~~, BC K + 1) = ’,D 15.9)

H C -

£iØ CON T INUE
C

RE SLT 1=A(MAX- 1)
RESLT2= BC M~ X- 1)
RESLT= ( RESLT1+RESLT2 *O. 50D0
RETUa’J
END

‘1
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m~j  OO?’L T~~*is~~~ ~0 D~O ~~~~~~

SUPJ~OUTIlJE S1GABT
C
C ABOVE ThRESUOLI) Ei (.~E~J SELECTI O~JC

IMPL i CIT 1 OUBLE ?1iECI SI Or~( A ~ U , O- ?~)
REAL H..OAT
INTEG ER REI~~IT,UP1)ATE,CASN UM
CO~1i4 O~J/ C O M C O E /  C O E F F C  16 ,2 ) , T H R E SU
COMM O~/ CO~S~IT / Pi,TWOPI,O.’JEOPI
COM~1O~~/O 16/  A!N ( 16 , 2 ) , S I ( (  16,2) ~~SNC 16,2)
1. X I (  16, 1 6, 2)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1,NUMSI G.MSET

C
C COMPUTE LAMBDA, ~UM OF TUE SQUARES OF ‘~
C
D TYPE 5 ,NU M ANT ,MS E T
£5 1 ORMAT( ’ SICABT-NUM A~ T-- ’~~I3, ’ MSET~~’,I 3)
D TYPE 6,c Xj(I,j,K),}c=1.2),J=~~,M SE T ) ,  I = 1 . N U M A r ’ J T )

FORMAT ( ‘ SI G A B T — X I ~~~ ,/ ,C 1X ,I ~D 1 5 . 8) )
DO 61? I=1,NUIANT- 1
DO 617 0 J~~1,MSE T
XI (I ,J, 2)=—XI (I, J, 2)

6170 CO~f l I N U E
SUMSQb)=0.OD0
I=NUMAIT
DO 6180 J’~1,MSET
SUMSQW~ SUMSQW+XI ( I, 1)*XI( I, I)+XI(I~ J, 2) *XI (I, J, 2)

6180 C01JTLNUE
D TYPE 61~3),SUMSQ’~L6181 FO}~MAT C ’ SUMS Q b~= ’, 1P D 2 0 . 12)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TYPE 6185
6185 FORMAT (/,’ UARMING ABSOLUTE VALUE OF 1-SU M SQW I S  LESS ThAN 1.01)-

15’)

C COMPUTE COEFF
C

COE (NUMANT, 1)’~ 1.ODO
CF~~-C 1.ODO- SUMSQW)
COEFF (NUM ANT.2).0.ODO
MP 1*NUM AN T
DO 6199 I~~1,NUMAMT- 1
COEI’F(I, 1)=O.ODO
COEFFC I, 2)~~O. ODO
1)0 6190 J~’1~~MSET
COEFF( 1, 1) = C OE F F (  I~ 1)+XI(MP1~ J, 1) *X I C  I~~J1 1)
I - X I ( M P 1 , J , 2 ) *X I C I ,~J, 2)
COE ( I , 2 ) = C O E } 1( I , 2 ) + X I ( M P 1 , J , 1) *X I ( I , J , P )
1 + X I ( M P 1 , J , 2 ) *X I ( I , J ,  1)

6190 CO9TINUE
C O E F F ( 1 , 1) = C O E F F ( I , 1) / C F
CO EFF( I ,2 )=CO EFI( 1a2 ) /CP

6199 CONTINUE
C
D TYPE 6 195,((CO F(1,d),J’~l,2), l=1,NUMANT)

-
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SUBROUTINE SIGOP T

C
C REPORT ThE SIMULATION RESULTS
C

IMPLICI T DOUBLE PRECI SI ON (A-H, 0-i)
IN TEGER CASNUM, REX NI T, UPDATE
COMM ON/ CON SN T/PI , T%t~OPI , ON EOPI
COMMO N / AN S% ER/ COM PUT( 10, 10 ) , I C O M P 1, I C O M P 2
COMM ON/ SAVE/DI RV ECC 16, 1b~ 2 ) , X M (  16, 16, 2) , SI t VAR( 16 ) ,DU.1 .A C
1,SIGLOC( 1 6)
COMMON/H2H / CA SNUM ,I D, JRND, R E I N I T s UPDATEs 1TT ( ,NUMANT~ I L O O P
1.NUM SI G.MSET
DIMENSIO N I ORDC 16, 1 7) , I R P (  16 ) 3 I L B (  16)

C
1) TYPE 1O O O , ( C C O M P U T ( I , J ) , I z 1, I C O M P 2 ) , J ~~1, I C O M P 1)
1)1000 I ORMA T ( 5 1Pb 14.7 )
C I .

DO 20 I=1,NUMSI G
SI GLOC( I )  ~ SI GLOC ( I ) *ONE OPI

20 CONTINUE
CALL SORT 1XS 1GLOC,NUMSI G, I O h L X 1 , 1 7) , I }~I3,IL 13)

C
1)0 40 I = 1~~I COMP1
CAL L SORTIX COMPUT ( 1, I ) , N U M S 1 G, I OHD( 1, 1) , 1 R 1 3, 1L 1 3)

40 C ON T I N U E
C

DO 50 i~~1aN UMS I G
WRI TE( 2~ 2010)1

2010 FORtIAT (///,’ SI GNAL SOURCE ‘,1 2a ’ PARAM ETER S :‘,/)
TEC 2s 2020) SI GLOC( l Of t  DC I~ 1 7) )  , SI GVAR( IORI )( I~ 17) )

2020 ?ORMAT (’ ANGULAR LOCATI ON = ‘, 1 I 0.7 , ’ * P1 RADI ANS ’,
1/.’ VARI ANCE (POWER) ~ ‘,1PD1 0.3,//)WRI TE( 2, 2030)

2030 FONIAT( ’ COMPUTED VALUES FOR AN GULAR LOCATION : ‘,/ /
1,. SAMPLES Th ETA/PI ERROR/P I ’./
2.’ RADI AN S

C 
-

NUMTMS-REINI T/UPDATE
N SAM-0
DO 70 J-1,NUMThS
N SAM-N SAM + UPDATE

C ACC-COMPUT (I,IORD(J.I))-SIGLOC (IORDCI . 1 7) )
V TYPE 2074.IORD (J,I),IORD (1.J
J2O74 1OR ’IAT( ’ IOR1XJ,I)— ’,I3, ’, I ORLXIsJ)— ’.I3)
C Acc-coMpuTcI.I0IUAI;,J))-sIGLocczoFwcI;r,))

ACC— COMPUT (IORIXI.J).J)-SIGLOC (IORD (I,17))
WRI TE C 2. 2010)NSAM , COM PUT I ORD C I , J .J),  ACC

2070 F O~~1AT( 2X, 15, )~~( ,F1O.7, 6 X,F 1 0 .7 )
70 CONTINUE
50 CONTINUE
C

RETURN
END
SUBROUTINE SOFTD (X,M,IORD,IHB,ILIs)
DOUPLE PRECI SI ON X

— 14
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r D I M E N SI ON X U I ) a  I O R L ) C M ) ,  I I ’B ( M ) , I L B ( M )
1) TYPE 100.X

) ORMAT( ‘ X— ’,31 10.7)
C - -

I}(H.GT.1) GOTO I
IOP.D( 1) ’ l
RET UKN

1 CONTINUE
ILH( 1)~~0
I RB( 3 ) — 0
DO 14 1a2, M

I) =0
2
‘I I F ( X ( I ) . G T . X ( J ) )  (iOTO 10
6 I F ( I L R ( J ) . E Q . 0 )  GOTO 8

J— I L B ( J )
GCT O 4

8
I L B C J ) = I
GOTO 14

10 I ) C I R b ( J ) .L E . 0) GOTO 12
J~~I R f t C J )
GOTO 4

12 I R b ( I ) ’~Ih B (J )
I RUC J ) = I

14 CONTINUE
L= 1

16 .1- 1
GOTO 20

18 J = I L B C J )
20 IF(ILB(J).GT.0) GOTO 18
22 IORL~(L)~~J

L-L+ 1
24 I F C I R B ( J ) )  28 ,30.26
26 J— I RB( J)

GOTO 20
J--IR E(J)
GOTO 22

30 C O N T I N U E
1) TYPE 31.X
1131 1 ORMATC ’ XS- ’,3}10.7)

RETURN -

E N D

I- 
_ _ _ _ _ _ _ _ _ _ _ _ _
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SUBROUTINE SI GO 16
C

• C ABOVE THRESHOLD LIGEN SELECTION
C

I I M P L I C I T DOUBLE P R E C I SI ON ( A-H,O-Z)
INTEG E R R E I N I T , UPDATE, CA SNUM

• COMM ON/ CO M COE/ C O E F F ( 1 6 , 2 ) , T H R E S U
COM M ON /JACO/XMU ( 32. 32). El GEN ( 32)
COMrI ON / CONSN T / P1. Tb~OPI ONE OPI
COMM ON/O16/ AIN (1612).51GC 1 6,2),SNC 16.2)

• 1. V( 16~ 16.2)
COMMON/H2H/CASMUM, I END, JRN D. REI Nil, UPDATE, I T1Y,NUMANT, ILOOP
1,NUMSI G,MShT.METHOD

C
c

DIMENSI ON T (  16, 16,2) F
C
C
C SELECT EI GEN VALUES AEO~~E THRE SHOL D
C LET THE NUMBER OF SETS BE MS ET

¶ C
3~99 I R T H F E SH .N E . 0 .0D0 GOTO 4000

TYPE 4010
F ORM~~Tc/ , ’ THRE SHOL D FOR SELECTI N G EI GEt ’J ’JE CTOR S ? ‘ ,S)
ACCEPT 4015,TriRESH

4015 F O R NA T (F 1 0 . 0 )
GOTO 4020

4000 CONTINUE
TYPE 61210.THRESH

61210 F OFr ’IAT(/, ’ THRESHOL D F OR S~L EC i IN G EI GENVE CTORS : ‘.1P L ~~. 1)
~~ 20 CONTINUE
C
C PASS 1 DATA
C

I NMANT1icNMA !’JT2-1
IF(METHOD.EQ.1) NMANT1 NUNIANT

C TYPE 11,NMANT1
Cli FORMAT( ’ NMP.NTI=’.14)
C - -

M SET 1=0
D0 6100 M~~1,2 *NMAN T 1,2
IF (EI GEN (M).GE.THRESH) MSET1~ MSET 1+ 1

6100 CONTINUE
IF (MSET 1.GT . 0) 6010 6120

C
TYPE 6110. THRESH .(  El GEN C I ) ,  1=1, 2 *N MA NT I )

• 6110 IORNATC • NO FJGEN VALUES ABOVE THRESH OF ‘,1PD2O. 13.
1, /, El GEN VALUES ARE’ , I ,  4( 1)20. 13))
STOP ’ THRESH ERROR ’

C - -

6120 CONTINUE
C TYPE 6121 I ,M SETI

L C612 11 I ORMAT C // /, ’ ESTIMATED NUMBER O1~ SOURCES , ‘.I3)
C TYPE 6 12 1,TI4RE SH,MSE T 1,NMANT 1
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Ct 121 FORMAT ( ’ 51 (30 16-  1HRESH ” ’,1)15.8, ’ MSE1 1 ’, 16, ’, N M A N T 1 ’~~’. I 5)
DO 6150 la 1,NMA1JT1 -

DO 6150 ~J — 1 ,2 *M SE T 1 , 2
KaK. 2
~J ( I , H .  1 ) — X M U C I , J )
V(I,K.2)—xMU (I+NMANTI,J)

6150 CONTINUE
6170 CONTINUE
C TYPE t b / 0 , ( C (  V C I , J , K ) , K = i , 2 ) , J ~~1. M S ET 1) , I ’~1 .N M A N T ) )
C667 0 F ORMAT (~ V— ’,/,(1X,4L)15.8))

I F ( M E T H O D . EQ. 1 GOTO 9000
C
C READ IN PASS 2 DATA
C
C TYPE 2

FOI*IATC’ NOW REAL) P2 DATA ’)
CALL ASSI I3N ( 1, ‘S1 &3P2. TMP’ .9)
R EA L X 1 , 1 0) N M A N T 2

10 1- O R M A T C I 3 *
REAL’( 3 . 1 ) ( ( x M U ( 1 , J ) , J ”j , 2 *N M A T2 ,I~’ 1,2 *NMANT2 )

1 I~OEMA Tc 1x ,4D15 .~~~READ( I ,  1) (  EI .iEN C 1 ,  I~ 1, 2 *N M A N T P ’
CAL L (LOSE( 1)

C TYPE 3

~3 F ORMATC ’ F I N I S H E D  RE AD’ )
C TYPE 4, I G E N ( I ) . I~~ 1,I ~*NMA.’JT2)
04 ) ORMAT ( ‘ EI G }N ?’ , /. ’i l -10 .7)
C - -

• C SELECT PASS TWO DATA GREAT ER THAN ThRES~-I
C

tISET2’. 0
DO iic io  M~~I ,P ’s ’NNAN T2 , 2

• I F( El ~3E N ( M )  • GE.THRE SH ) MSE T2=MSET: ”+ 1
7100 CONTINUE

H IF(MSET2.GT.0) 6010 7120
C

TYPE 7110 ,THHE SH ,(  EI G E N ( I ) ,  I~~1,~’*N MANT 2
7110 l ORMAT( ’ NO EI GEN VALUES AB OVE THRE SH OF ‘a I P D 2 O . 1 3,

1,/, ’ E1~~ N VALUES ARE ’,/ ,4( 1)~ O . 13 ) )
STOP ’ THRESH ERROR ’

C - -

7120 CONTINUE
C TYPE 7 I2LI1MSET2
C11211 I ORMA I( // /, ’ ESTIMATED NU M L~ER OF SOURCE S $ ‘.1 3)
C TYPE 7 121,THRI :SH ,MSE T2 ,N MANT2
Cl 121 F ORMAT( ‘ SI 13016 THRES Hu ‘.D15.~~. ‘ MSET2 ‘.16, ‘, N M A N T P —  ‘,I  5)

DO 1150 1 - l .N M A N T 2
K-0
DO 7150 J~~),2 * M~~ET2. 2
K—K.1
W ( I , f l , 1) . X M U ( I , J )
W(I,K,2)aXMU (t+NMANT2,J)

7150 CONTINUE
7170 CONTINUE



~
—•.-•— 

~~~~~~~~ 
—.--,

~~
•——-— -- — ,. — ~—_u~

,__ -~~~~~- —

~~~~~~~~~
- 

~~~~~~~~~~ • • • • - --- —

51G016.FOR 26-OCT-77 13:5~ :5C PAGE 21
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ThGI OUFI I~~~ISHHL) TO DDC .—

C
IWCOL=0
DO 2000 J2=2.2*MSET2+ 1

I F ( t - I O D ( J 2 , 2 ) .N E • O) GOTO 500 !RETAI N COLUMN TWICE
1WCOL=IWCOL+1
I •wS=0

500 CONT INUE
CALL ORG(W,WMANT1,MSETI,IWCOL,IWS)

2000 C O N T I N U E
C TYPE 1020.((( .)C I,J,K).K=1,2).J=1,MSET1),I=I,NMPNT1
C1020 FO1~~AT(’ RESULAN T V= ’./s ( 1X.4D 15.S))

N tJMAN T=~1MAN T1
9000 MSET =M SET 1

TYPE 8 12 11,M SE T
81211 FORMAT(///.’ ESTIMATED NU~1BER O1 SOURCE S : ‘.13)

CALL SI GABT
RETURN
END
SUBROUTINE ORG(b~

, AN T,MSETV , I~~COL,IWS)

C
C

IMPLI CiT DOUBLE PRECI SI ON CA-H,O-Z)
• COMM ON/SAVE/DIRVEC ( 1 6’1 6s2).XM( 16, 16,2).SIGVAR ( 16),DELI-AC

1, SIGLOCC 1 6),b2LIMI T
COMMON/016/A (16,2,B( 16.2)sSNC 16.2).V( 16. 16.2)

C
DIME N SI ON WP( 1 6 .2 ) . WC 16, 16s2)

C
C TYPE 9 0 0 , ( ( V ( I , 1, g ) ,K = 1, 2 ) , I = 1, W M A N T )
0)00 F ORMATC ’ ORG -V( 1 TO NMAN T ,I . 1  TO 2 ’, /4( 1X , 1PD 1 S•8))
C TYPE 9 1ø,(( W ( I , I W C O L ,K ) , K = 1,2 ) ,  1= 1+1 W S,N MAN T+ IW S)
(D i e  F ORMATC ’ ORG- W ’ ,/, 4( PC, 1P DI 5 .S) )
C XR1=0.01~0 -

C XR2 =0 .ODO
C DO 920 1 ) .NMAN T
C DO 920 J=1 ,MSETV
C X R 1=x R 1+V ( I ,J . 1)
C XR2-XR2+V( I , J’ 2)
0)20 CONTINUE
C TYPE 925sXR1.xR2
0)25 FORMAT (’ ORG-SUM OF V= ’.2C 1X.1PD15.5))

DO 1000 J=1,MSETV .

A( J.1)~~0.0D0
A( J.2)~~0.0D0

• DO 100 I = 1,N M A N T
CALL CMPLXM(~~C1 +IWS,l WCOL, 1),W (I+IWS,I~ -COL,2),V(I,J, 1)

-: 1. - V( I ,J .2 ) ,X R 1 .X R2 )
AC J 91)=A ( Ja i )+XR 1
A( J. 2)-A( J.2)+XR2

100 CONTINUE
1000 CONTINUE
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C SET B = SUM A(J) V( ,J)
C

DO 50 I - 1 ,N M A N T
B( I. 1)=0.ODO
BC I .  2)=0 .  ODO
DO 50 J= 1.MSET V
CALL. C>IPLXMC A( J. 1) ,A ( J ,2 ) ,V ( I s J .  1) , V ( I . J , 2 ) , X R I , X R 2 )
BC Ia 1) =8( I, 1) +XR1
BC I. 2 ) = b C  I. 2 ) +X R2

50 CONTINUE
C
C WP~~~-SU MO F ( E C J ) V C J ) ]
C

DO 70 I = 1 s W M A N T
WP ( I , 1) =W ( l + IW S s IW C O L , 1)— B( I , 1)

70 ~ P ( I , 2 ) t : W C I + I W S , I W COL ,2 ) B C I , 2 )
C TYPE 305,((  ~ p( I ,J ) ,J=  1.2). 1= 1,NMANT)
c305 FORMAT( ’ WP= ’,/,(4D12.5))
C - -
C I N N E R  PRODUCT
C
C DO 3000 I = 1,M SE T V
C A ( I a 1 ) = 0 . O D O
C A ( I ,2 ) ’e . ODO
C DO 3000 ~J = 1,N M A r sJ T
C CALL CMPLXM C WP( ,J, 1), - WPC J ,2 ) ,V (J , I ,  1). V CJ . I , 2) . X} U, ) C R 2)
C A ( I . i ) = A ( I , 1) + X R 1
C A C I , 2 ) = A C I , 2 ) + X R 2
~3O0O CONTINUE
C TY?E 3 0 1 0 . ( (A ( I ,K ) , K = 1 .,2 ) .I = 1 .M S E T V )
~~ 010 F ORMAT( ‘ I N N E R  PRODUCT OF WP* V= ’,/,4(1PD1 5.8))
C -

DO 400 I = 1, N M AN T
1=WX 1+WPC I, i)*VP( I,  1)+ WP( I. 2)* W P( I. 2)

400 CONTINUE
1— 1
IF( WX I . L T . W LI M I T )  1=0

D TYPE 405, W X I a I
Dm05 FORMAT( ’ INN ER PRODUC T= ’.G 10.2. ’, I= ’a I2 )

IFCI.NE;1) GOTO 2000 
-

C
C MOVE VP INTO I)
C

MSETV-MSET V+ 1
ODSWX 1=1 • ODO/DS QRTC WX 1)
DO 80 J-i,NMAN T
VC J,MSETV,1)=WP(J,1)*OVSW)C 1
V(J,MSETV,2)=WP (J.2)*ODSVX 1

80 CONTINUE
~• .  C

2000 CONTINUE
RETURN
EN D
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k SUPHOUTINE s I G O l ?
C
C METHOD T~ OC

I M P L I C I T DOUH..F. Fh~-.CISlON (A-U,0-~~
)

C
I N T E G E R  CASNUM, EEl N I T .  UPDATE
COMMON/ C OMC OE/ C OF •~ F ( 16, 2) ,  T H R F S i l ,  A N T N I  S
C ( M ON /U~ U / C A $N U ~1, I hN L~, JEND ,  1U~.1 N! T, UP 1~ATE, I T T Y ,NU M AN T
1 . ZL O O P ,N U ~) S 1 G .M S E T ,M E T h O D
COMMON/J A( .. O/ X N U (  3~~ 3 2) ?  El ~‘EN( .32)
D I M E N S I ON X M I 2 (  32,  3 2) ,  El 0EN2(  32) .A( I , 2 ) ,  A2( 16,2)
11 M~~~SI ON V 16, 16,2), V( I t ,  2) ,  AS( 1 ~~‘) , A S2( 16)

C
C
C RE,~1.) PASS TW O D A T A. .. . .. .. . . .. . .~~................
C

CALL A SSI GN ( 1, ‘S I G r 2 . TM P ’ ,9)
READC 1~ 1 O) N M A N T 2

10 F O R N A T C I 3 )
RFADC 1.

1 F O )~M A u  I X ,  41)3 5.~~)
hEAUC I, 1)( El i3EN2( I), l-~ I ,  2 *Nt ’IANT2 )
CALL CL OS EC 1)

N M A N T L -N M A N T 2 - t
DO 6150 I~~I,~~MMNT1

DO 6150 Ja 1,~~~ N M A N T t , 2
K-K+ 1
V C I , K ,  1) = X M U (  I ,J )
V( j , }( . 2 )a . X M U ( t + N M A N T I . J )

e~1b0 CONT I N U E
C

DO 7150 ,J~’I . N M A N T 2
W( J, 1) -X MU 2 (J .  1)
W( J, 2) -XMU2 ( J 4NM ANT2.  1)

1150 CONTINUE
H
C I N N E R  PRODUCT
C

DO 100 J - 1 ,N M A N T 1
AC ,), 1)-0. 0D(3
A (Js 2 )— 0 . O1)0
A2( ,.J. 1) 0 .ODO
A2 (J ,  2 ) -O s  ODO
DO 100 I n 1 , N M A I ~JT 1
CALL CMILX M ( W C I ,  1) , — b ( I , 2 ) , V ( I , J ,  1) , V C I , J , 2 ) , X H 1 , X R 2 )
AC J, 1) AC 3)  +X HI
A ( j ,2 ) aA ( J a 2 ) + X H 2
CALL CM P LX M C 1+ 1, l), —W ( 1+ 1,7 , I.). I) .  V( I,J , 2) ,XHI ,X H2)
AP C J , 1) ” A 2 C J s  1) +XR 1
A2 (J ,2) -A2CJ , 2)+X H2

100 C O N T I N U E
D TY PE I O I, ( (A ( I .K ) , K ~~1, 2 ) , I i 1 , N MA \ J T 1)
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1)101 F ORNAT I ’ I N N E R  PRODUCT AT VECTOR 1’ , / ,C 1X , 4 E 1 5 . 8) )
D TYPE 10 2 , ( ( A 2 ( I , K ) , K = 1 , 2 ) , I = l , N M A N T 1 )
D102 F OHN AT C ’ I N N E R  PR ODUCT AT VECTOR 2 ’ ,/ . ( 1X ,4D1 5 .8))

DO 8100 I = 1,N M A N T I  -

I ) = D S Q R I (  AC I. 1) I. 1) ~~A( I ,2 ) *A (  I ,  2 ) )
AS2 (I)=DSORT (.A2(I, 1)*A2(I, I)+A2 (I,2) *A2 (I,2) )

8100 CONT INUE
TYPE 5105,(A5 (I ).I=1,NMANT1)

sies 1- ORMATC/ , ’ INNER PRODUCTS WITH TEST VECTOR 1 :‘,/4(1X,D15.8))
T Y P E  8Io6; A s2 ( I , I = , ,~~M P N T I )

H 8106 FORMAT (/,’ INNER PRODI~CT S ~ ITK TEST VECTOR 2 :‘,/4(1X,D15.8))
TYPE 3010 - -

•

3010 FORNAT ( // , ’ WU~ BER 0]- EI Gb-NVECTORS TO BE SELECTED EASED ON’,
1.’ INNER PRODUCTS 7’)
ACCEPT 3035,MSET

3015 F ORMAT (12)
C
6120 CONTINUE

DO 6170 I=1,NMA ~ T1—1
( DO 6170 ~J=1,MSET

VI I, J, 2) =—V ( I ,  J ,  2)
6170 C O N T I N U E

SU~’ 1SQW=0. eDo
1 I=NMPNT1

DO 6180 J=1,MSET
SUMS Q W = 5U M5 Q Tv~+ V ( I , J , 1) *lj ( I , J , 1) + % j ( j ,J ,2 ) *V ( I , J ,2 )

6180 CON TIN UE
• D TYPE 6181,SUr~SQWJX 181 FOPMAT C ’ SUM SQW= ’, 1PD2 O . 12)

I Fl DABS( 1 . 0D0-SUt~SQb!) .LT. 1. OD-5) TYPE 6185
6185 F ORMAT ( /, ’ W A R N I N G  AE SOLUTE VALUE OF 1-SUMSQW IS LESS THAN 1.01)-

15’)
C -

C COMPUTE COEF F
C

C O E F F C N M A N T I ,  1)= 1.ODO
CP= -C 1.OD e- SUMS QW)
COEF IC NMAN TI.  2)= (3. OEO
NP 1=NMAN Ti
DO 6199 I = 1,N M A N T I - 1
C O EF F ( I ,  1) = 0 .OD O
C O EF I ( I ,2 ) = O . ODO
DO 6190 J=l ,M SET
COEF F C I , 1) = C O EF F ( I , 1) + lj ( M p I , J , 1) *V ( I , J , 1)
1 - V CM P 1, ,J ,2 ) *V (I . J , 2)
C OE F F ( I , 2 ) = C O E F F ( I , 2 ) + V C MP1,J, 1) *V (I ,J ,2 )
I +V (MP1 ,J , 2 ) *SJ ( I ,J , 1)

6190 CONTINUE
C O EF I C I ,  l ) = C O E F F ( I s  1) /CF

• C OE F I ( I ,2 ) = C OE I F ( I ,2 ) / C F
6199 CON TINUE
C
D TYPE 6 19 5 , ( ( C O E FP C I , J ) , J = 1,2 ) , I = I ,N M A N T 1 )
£36195 F OEMAT( ’ C O E I F , / ,  2( F20. 15) )
C - -

1. _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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• SUBROUTINE SI GO 18 “~~ ~~~ YURLtSFf~ ) TO DDC ~~~~~~~~~~~~~~

C ABOVE THRESHOL D EZ OEN SELECTI ON
-

IMPLI CIT DOUBLE ?RECI SION(A-H 0-Z)
INTEGER REINIT,UPDATE.CASNUI

• COMMON/COMCOE/ COEF FC 1 6,2),THRESH,ANTNIS

• COMM ON/JACO/XMU ( 32, 32), El GEN( 32)
COMMON/ CONSc4T / Pi.TWOPI,OrJEOPI
DIMENSION XI (1 6a 16.2)

• COMM ON/f{2f1/CASNUM,IRND,JRND,REINIT,UPDATE,ITTY,NUMANT.ILOOP
1.NUMSI G,MSET,METHOD

C
C SELECT EI GLI’4 VALUES ABOVE THRESHOLD
C LET THE NUMBER OF SETS BE MSET

H c -

IICTHRESH.NE.0.ODO) GOTO 4000
TYPE 4010

1 40 10 FORMAT( /, ’ THRESHOL D FOB SEL ECT ING EI GENVECTORS 7 ’, S)
ACC EPT 4015,THRESH

4015 F OEMAT CF1O . e)
I~OTO 4020

4000 CONTINUE
TYPE 612 10, THRESH

61210 FORMAT( /, ’ THRESHOLD FOR SELECTING EIGENVECTORS : ‘.1P~~~.1)
4020 CONTINUE 

-

• MSET = 0
DO 6100 M=1,2*NUMANT,2
I I C E I G U J C M ) . G E . THRE SH ) MSET =MSET+ 1

6100 C ON T IN UE
I F C M S E T . G T .0 )  GOTO 6120

C -

TYPE 6110,THRESH,(EI GEN (I).I=1,2*NUMANT)
6110 FORMATC ’ NO EIGEN VALUES ABOVE THRESH OF ‘, 1P020.13.
- 

1. 1.’ EIGEN VALUES ARE ’ ./, 4C D20 . 13))
STOP ’ THRESH ERROR ’ -

• C - -

• 6120 CONTINUE
TYPE 61211,MSET

61211 FORMAT C / / /, ’ ESTIMATED NUMBER OF SOURCES :‘.I3)
O TYPE 6121, TITRESH,MSET,NUIANT

• £36121 FORMATC ’ SIGABT THRESH ’sD 15.8. ’ MSET s ’,16, ’, NUMA N T~~’,I 5)
• DO 6150 1= 1.NUMA NT -

x—0
DO 6150 ,j = 1,2*MSET. 2
K~ K+ 1
XI(1,Ka 1) XMU (I,J)
XI(1,K,2)—XMU (I+NUMANI,J)

6150 CONTI N UE
C

DO 6170 I~~1,NUMAN T- 1
DO 6170 J - I sM SE T
X I ( I , J a 2 ) — — X I ( 1 s J a 2 )  

• 
-

6170 CONTINUE
C

- —--~~-•-— -• - •  - • • —•• —•• • - • • . • •
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t C COMPUTE LAM BDA, SUM OF THE SQUARES OF W
—

SUMSQW~~0.0De
1-NUMAN T
DO 6180 J=1.MSET
SUMSQW=SUMSQW+XI (I,J,1)*xj(I,J,1)+XI(I,,),2, *XI (j,,),2,

6180 CONTINUE
D TYPE 6181,SUMSQW
1)618 1 F ORMP,T( ’ SUMSQW= ’,1PD20.12

I I (DAB S( 1.OD O -SUf ~SQ W ) .L T . 1 .O U - 5)  TYPE 6185• 6185 F ORMAT ( /, ’ W A R N I N G  ABSOLUTE VALUE OF 1-SUM SOW IS  LESS THAN 1.01)-
15’)

C -

C COMPUTE COEFF
C

COEFF (N UMAN T, 1)v ~ 1. ~1)O
CF=- C 1.0D0-SUMSQb))
COE FFCNUMANT, 2 ) = O .e1 ) O
MP 1=NUM AN T
DO 6199 I=1,NUM ANT- 1
COEFF ( 1) =0. 0D0
COEFF(I,2)=0.ODO
DO 6190 J=1 ,M SET
COEF-ICI, 1)=COEFF (I, I)+XI (MP1,J. 1)*XI (I,J, 1)

-
• I —XICMPI,J,2)*XI(I.J,2)

C OE I I (  I. 2 )= COE~~3-( 1, 2 ) +X I (M P 1 ,  .7, 1) *X I C  Ii.), 2)
1 +xI(Mp1,J,2)*XI (I,,j,1)

6190 CONTINUE
COEFF(I,1)=COEFF (I,1)/C)

• COEF 1~c I, 2)=COEF)C 1,2)/CF
6199 CONTINUE
C
0 TYPE 6195, COEFIcI,J),J=1,2),I=l,NU~ip.~JT)£36195 FOEMATc ’ COE ] -F ’,/, 21 F20.15) )
C - - •

RETURN
END


