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At the March 1997 VSIP Forum meeting, David Schwartz gave a VSIP coding example
which has come to be referred to as shootout.c . The computation was a fully adaptive
space-time processor (FASTAP) example attributed to Yaron Seliktar of Georgia Tech,
working under DARPA’s Mountaintop program. This memo illustrates the code fragments
obtained when implementing the FASTAP example in the following APIs:

1. MATLAB

2. VSIP, as modified at the June 1997 meeting

3. Four current library-based commercial APIs:

3.1. Mercury Computer’s standard SAL API

3.2. Sky Computer’s SkyVec API

3.3. CSPI’s ISSPL API

3.4. Sonar Middleware Standard

4. Compiled MATLAB

5. Two potential C++ implementations:

5.1. MathTools’ MATCOM MATLAB-to-C++ compiler

5.2. Notional VSIP C++ binding

In addition, a mathematical statement of the computations being performed is given as an
introduction.

Implementations differ in their clarity, length, completeness, and support of double vs. single
precision implementation of the algorithm.  In the summary, we provide a brief comparison
of the source code complexity of these nine implementations.

�� 0DWKHPDWLFDO�6WDWHPHQW�RI�WKH�&RPSXWDWLRQV

The algorithm is relevant to a 1D array radar system.  Thus, the basic data structure is the
3D radar datacube shown in Figure 1, which is obtained by collecting multiple range
samples at the output of each array element, and repeating over multiple pulses. The group
of N samples obtained by taking one sample simultaneously from each of the N antenna
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elements is called an array snapshot.  Each vertical column of cells in Fig. 1 is one
snapshot. Note that each cell of the datacube contains exactly one complex number,
representing a single demodulated coherent sample.  The entire set of MNL complex
samples is assumed to be present in memory at the beginning of the computations.
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Figure 1.  The radar datacube.

The reference implementation of the algorithm is in MATLAB, which cannot handle 3D data
structures, so a 2D data structure is defined by stacking the snapshots for a fixed range bin
and M pulse repetition intervals (PRIs) into a MNx1 column vector.  The new MNxL data
matrix, which we denote by x, is shown in Figure 2.  This is the basic data structure model
that we will use in the remainder of this memorandum.
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Figure 2.  2D representation of the datacube used in the
MATLAB reference algorithm.

Note that the VSIP example given at the March meeting appears to be coded for the special
case of L = 1 (i.e., no averaging over range bins).  For that case, the 2D matrix x reduces to
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a column vector.

Table 1 enumerates the name, size, and type of the variables assumed to exist in memory
when the computation begins.

Table 1.  List of Variables at Beginning of Computation.

Name Size Type Description

N 1x1 integer number of array elements = number of spatial
samples per snapshot

M 1x1 integer number of PRIs

L 1x1 integer number of range bins

x MNxL complex input data matrix

ws Nx1 real spatial window function

wt Mx1 real temporal window function

dn 1x1 real constant to define spatial steering direction

fn 1x1 real constant to define temporal steering direction

Table 2 describes the additional variables created during the computation. Note that dR is
real in principal, but is recorded here as a complex type since it is the product of a complex-
complex multiply.

Table 2.  List of Variables Created During Computation.

Name Size Type Description

R MNxMN complex Unscaled correlation matrix estimate

dR MNx1 complex Vector containing the diagonal of the matrix R

σ 1x1 real “Noise floor” estimate used in computing
scaling constant for R

    ̂  R MNxMN complex Scaled correlation matrix estimate

vs Nx1 complex Spatial steering vector

vt Mx1 complex Temporal steering vector

v MNx1 complex Unscaled composite steering vector

    ̂ v MNx1 complex Scaled composite steering vector

a MNx1 complex adaptive weight vector; this is the final output of
the computation
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The desired computations are as follows:1

Table 3.  Mathematical Statement of the FASTAP Algorithm.

Step Operation Comments

1.
R x x=

1

L
H

Scaled outer product of data vector
to form a correlation matrix estimate.

The superscript H denotes a
Hermitian (i.e., conjugate) transpose

2. ( )d RR = diag Extract the diagonal of R into a
vector

3.
σ =

1

1012 maxdR
Compute a noise floor σ proportional
to the maximum diagonal value of R

4. �R R I= + σ Add the “noise floor” to each
diagonal element; this helps ensure

invertibility of the matrix

5. [ ] [ ]v k w k es s
j d kn= − 2π Define the spatial steering vector via

an element-by-element product of
the window vector and a steering
vector.  Result is a column vector.

6. [ ] [ ]v k w k et t
j f kn= − 2π Define the temporal steering vector

via an element-by-element product
of the window vector and a steering
vector.  Result is a column vector.

7.

[ ] [ ][ ]
v v v

v v

= ⊗

= −
t s

t s t sv v M1 1�

Define the unscaled composite
steering vector as the Kronecker

product of the temporal and spatial
steering vectors.

8.

[ ]{ }�

mean
v v=

1

k
v k

Scaled composite steering vector.

9. a R v

v Ra

=

=

−� �

( � �

1

i.e.,  solve )

Solve the set of linear equations for
the final data weight vector a.  This

should be done using a linear
equation solver, not by explicitly
inverting the correlation matrix.

                                                     
1 Note on notation:  Vectors are denoted by lower case bold, i.e. v, and matrices by upper-case bold, i.e. R.  Individual elements of a vector
are denoted in lower case italics with an index in square brackets, e.g. v[k].  Matrix elements follow the same convention, but will have two
indices.
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�� 0$7/$%�,PSOHPHQWDWLRQ

The following code implements the desired operations in MATLAB.  It is nearly identical to
that contained in the comments of the original VSIP FASTAP example.  Computations are
carried out by MATLAB in double precision.  With the addition of code to initialize the
variables in Table 1, this code has been executed successfully in MATLAB 5.0.0.

MATLAB allocates memory and defines variables implicitly when they are used; there are
no explicit “set-up” calls to be made.  On the other hand, MATLAB does require that
variables be explicitly ‘clear’ed from the workspace to free the memory they occupy.

R = x * x’;

R = R/L;

noisef = 1e-12*max(abs(diag(R)));

R = R + noisef*eye(size(R));

spatial_steer = spatial_window .* exp(j*2*pi*Dn*[0:N-1]’);

temporal_steer = temporal_window .* exp(j*2*pi*Fn*[0:M-1]’);

steer = kron(temporal_steer, spatial_steer);

avg = mean(abs(steer));

steer = steer/avg;

weight = R\steer;

clear x, R, noisef, Dn, Fn, spatial_steer, temporal_steer, steer, …

     avg, weight

�� ,PSOHPHQWDWLRQ�8VLQJ�96,3

Following is a statement of the FASTAP algorithm example in the draft Vector/Signal/Image
Processing (VSIP) standard.  This code was written by E. Robert Tisdale of Hughes
Research Laboratories and has been updated and modified by Randy Judd of NRaD and
Mark Richards of Georgia Tech.

The example is consistent with the VSIP library as defined in June, 1997.  The library is in
the early stages of its definition and is subject to change.  One likely improvement is
definition of a function vsip_rcvexp_d  to more efficiently create a weighted complex
exponential.

In the code which follows, text in blue is C-language comments.  As an aid to relating the
code to the algorithm, a number of the comments in the body of the code are similar to
MATLAB code lines in Section 2 of this memorandum.
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/* shootout.c Version 0.000 February 20, 1997
//
// This file contains VSIP Memory Hierarchy Test Application #1.
//
// Copyright February 1997, Hughes Research Laboratories, Inc.
// This is an unpublished work. All rights reserved.
//
// Authors: David Schwartz and E. Robert Tisdale
//
// Code is an adaptive beamformer,
// based on the MountainTop code by Yaron Seliktar, GA Tech.
// Comments may contain the equivalent MATLAB code.
//
// Revision History:
// Feb. 28, 1997 Added copyright notice.
// Mar. 20, 1997 Modified VSIP class and function names.
// July 10, 1997 RJudd modified to reflect current function names.
// July 11, 1997 MARichards modified to create complex weight vectors

#include <vsip_cmview_d.h>

void adaptive(
  const vsip_cmview_d *X, /* x[MN][L] */
  const double d_n, /* Dn */
  const double f_n, /* Fn */
  const vsip_vview_d *w_s, /*  spatial_window[N] */
  const vsip_vview_d *w_t, /* temporal_window[M] */
  const vsip_cvview_d *a) { /* weight[MN] */

  vsip_length  N = vsip_vgetlength_d(w_s);
  vsip_length  M = vsip_vgetlength_d(w_t);
  vsip_length MN = vsip_cmgetlength2_d(X);

  int singular /* for testing singularity of LU decomp */

  if (MN == M*N) { /* conformant inputs */
    if (MN == vsip_cvgetlength_d(a)) { /* conformant output */
      vsip_hint h = 0; /* no optimization hints*/
      vsip_cvview_d *v = vsip_cvcreate_d(MN, h);

/* steer[MN] */
      vsip_cmview_d *R = vsip_cmcreate_d(MN, MN, h);

/* R[MN][MN] */
      vsip_length L = vsip_cmlength1_d(X);
      vsip_couter_d(X, X, R); /* R = x*x' */
      vsip_rcsmmul_d(1.0/L,R, R); /* R = R/L */
      { /* block statement */

vsip_cvview_d *d_R = vsip_cmdiagview_d(R);
/* d_R = diag(R) */

/* The diagonal elements of complex matrix R are real! */
vsip_vview_d *rd_R = vsip_cvrealview_d(d_R);
vsip_vview_d *mag_rd_R = vsip_vcreate_d(MN, h);
vsip_vmag_d(rd_R, mag_rd_R);
{ /* block statement */
  double sigma = vsip_vmax_d(mag_rd_R)*1.0e-12;

/* noisef = 1e-12*max(mag(diag(R))) */
  vsip_blockdestroy_d(vsip_vdestroy_d(mag_rd_R));
  vsip_svadd_d(sigma, rd_R, rd_R);

/* R = R + noisef*eye(size(R)) */
  }
vsip_vdestroy_d(rd_R);
vsip_cvdestroy_d(d_R);



z Page 7

}
{ /* block statement */
vsip_cvview_d *v_t = vsip_cvcreate_d(M, h);

/* temporal[M] */
vsip_cvview_d *v_s = vsip_cvcreate_d(N, h);

/*  spatial[N] */

vsip_vview_d *ramp = vsip_vcreate_d(N,h);
vsip_vview_d *routput = vsip_vcreate_d(N,h);
vsip_vview_d *ioutput = vsip_v vcreate_d(N,h);
vsip_vramp_d(0.0, (2.0 * PI * d_n) , ramp);
vsip_vcos_d(ramp, routput);
vsip_vsin_d(ramp, ioutput);
vsip_vcmplx_d( routput, ioutput, v_s );
vsip_rcvmul_d( w_s, v_s, v_s );
/*  spatial = spatial_window .* exp(j*2*pi*Dn*[0:N-1]')*/

vsip_vramp_d(0.0, (2.0 * PI * f_n) , ramp);
vsip_vcos_d(ramp, routput);
vsip_vsin_d(ramp, ioutput);
vsip_vcmplx_d( routput, ioutput, v_s );
vsip_rcvmul_d( w_t, v_t, v_t );
/* temporal = temporal_window .* exp(j*2*pi*Fn*[0:M-1]')*/

 { /* block statement */
  vsip_vview_d *t = vsip_vcreate_d(MN, h);
  vsip_ckronprod_d(v_t, v_s, v);

/* steer = kron(temporal, spatial) */
  vsip_blockdestroy_d(vsip_vdestroy_d(routput));
  vsip_blockdestroy_d(vsip_vdestroy_d(ioutput));
  vsip_blockdestroy_d(vsip_vdestroy_d(ramp));
  vsip_blockdestroy_d(vsip_cvdestroy_d(v_s));
  vsip_blockdestroy_d(vsip_cvdestroy_d(v_t));

  { /* block statement */
    vsip_cvmag_d(v, t);
    vsip_scalar_d mean = vsip_vmeanval_d(t);

/* avg = mean(mag(steer)) */
    vsip_blockdestroy_d(vsip_vdestroy_d(t));
    vsip_rcsvmul_d(1.0/mean, v, v);

/* steer = steer/avg */
    }
  }
}
{ /* block statement */
  vsip_vview_i *pivot = vsip_vcreate_i(MN,h);
  int error = vsip_clud_d( R, singular, pivot);
  vsip_cvsolvelu( R, pivot, v, a);

/* weight = R\steer */
  vsip_blockdestroy_d(vsip_cmdestroy_d(R));
  vsip_blockdestroy_d(vsip_cvdestroy_d(v));
  vsip_blockdestroy_i(vsip_vdestory_i(pivot));
  if(error) { /* Handle the error. */
  }
}
}

    else { /* Handle the error. */
      }
    }
  else { /* Handle the error. */
    }
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  return;
  }

�� ,PSOHPHQWDWLRQ�8VLQJ�&RPPHUFLDO�/LEUDU\�%DVHG�$3,V

This section gives three examples of the FASTAP algorithm implemented in the current
mainstream commercial DSP style, which relies heavily on vendor-supplied math libraries
that are highly optimized for the individual vendor’s DSP architecture.  The three examples
are very similar in style and complexity.

In each code fragment, text in blue is C-language comments.  As an aid to relating the code
to the algorithm, a number of the comments in the body of the code are similar to the
MATLAB code lines in Section 2 of this memorandum.

��� ,PSOHPHQWDWLRQ�8VLQJ�0HUFXU\·V�6FLHQWLILF�$OJRULWKP�/LEUDU\��6$/�

This version of the FASTAP algorithm is implemented using Mercury Computer’s Scientific
Algorithm Library (SAL).  This code was written by Todd Johnson of the Georgia Tech
Research Institute, and reviewed and modified by Mercury Computer personnel.  The code
compiles successfully under the Mercury RACE PK1 version 2.4.0 environment, but has not
been tested for correct computation.

To perform the required solution of a linear system of equations, the example uses the SAL
library routines cmatlud  for an L-U decomposition of the coefficient matrix, and cmatfbs
to solve the system by forward-backward substitution.  However, these routines are
available only in single precision in SAL, and therefore this code implements a single
precision version of the FASTAP algorithm.

/*******************************************************************************
**                                                                            **
**   File Name: stapMC.c                                                      **
**   Creation Date: 4 April 1997                                              **
**   Baseline Date:                                                           **
**   Last Revision: 2 June 1997                                               **
**                                                                            **
** Description:                                                               **
**                                                                            **
*******************************************************************************/

#include <mc.h>
#include <sal.h>

/******************************************************************************/

#define FALSE 0
#define TRUE  ( ! FALSE )
#define PI 3.14159265359

/******************************************************************************/
/* MERCURY IMPLEMENTATION NOTES:                                              */
/* Mercury SAL routines for decomposing and solving systems of equations      */
/* support only single-precision complex data. This implementation has been   */
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/* constructed to use single-precision real and complex data.                 */
/*                                                                            */
/******************************************************************************/

int adaptiveMC(
    COMPLEX *x,
    int len,
    float d_n,
    float f_n,
    float *w_s,
    int N,
    float *w_t,
    int M,
    COMPLEX *a ){

    int            i;
    int            LL;
    int            err;
    float          sigma, mean, start, step, val;
    COMPLEX *xc;
    COMPLEX *v;
    COMPLEX *R;
    COMPLEX *v_s;
    COMPLEX *v_t;
    float         *dR;
    float         *tmp;
    int *perm; /* permutation vector */
    COMPLEX       *recip;

    if ( ( M * N ) == len ){ /* Data Sizes Match */
       /* Allocate Required Memory */

        LL  = len * len;
        xc  = ( COMPLEX * ) ( mem_align( 16, len * sizeof( COMPLEX ) ) );
        v   = ( COMPLEX * ) ( mem_align( 16, LL * sizeof( COMPLEX ) ) );
        R   = ( COMPLEX * ) ( mem_align( 16, LL * sizeof(COMPLEX) ) );
        v_s = ( COMPLEX * ) ( mem_align( 16, N * sizeof(COMPLEX) ) );
        v_t = ( COMPLEX * ) ( mem_align( 16, M * sizeof(COMPLEX) ) );
        dR  = ( float * ) ( mem_align( 16, len * sizeof( float  ) ) );
        tmp = ( float * ) ( mem_align( 16, len * sizeof( float ) ) );
        perm = (int *) ( mem_align(16, len * sizeof ( int ) ) );
        recip = (COMPLEX *) ( mem_align(16, len * sizeof ( COMPLEX ) ) );

        /* Compute R = X*X'/ L */

        cvconj( x, 2, xc, 2, len ); /* xc = x' */
        for( i=0; i < len; i++ ){
            cvcsml( xc, 2, &x[i], ( R + i * len ), 2,  len ); /* Scale X' by x[i]
*/
        }
        val = ( float ) ( len );
        vsdivd( ( float * ) R, 1, &val, ( float * ) R, 1, 2 * len );

        /* dR = diag( R ) NOTE: Diag elements are assumed real */

        vreal( R, 2 * len, dR, 1, len );

        /* sigma = 1.0e-12 * max{ abs( dR ) } */

        vabs( dR, 2, dR, 2, len );
        maxv( dR, 1, &sigma, len );
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        sigma *= 1.0e-12;

        /* R = R + sigma * I */

        vsadd( (float *) R, ( 2*len+2 ), &sigma, (float *) R, ( 2*len+2 ), len );

        /* Compute Spatial Steering Vector Vs = Ws * exp( -j *2PI* d_n * k) */

        start = 0.0;
        step  = -2.0 * PI * d_n;
        vramp( &start, &step, tmp, 1, N );
        cvexp( tmp, 1, v_s, 2, N );
        crvmul( v_s, 2, w_s, 1, v_s, 2, N );

        /* Compute Temporal Steering Vector Vs = Ws * exp( -j *2PI* d_n * k ) */
        step  =-2.0 * PI * f_n;
        vramp( &start, &step, tmp, 1, M );
        cvexp( tmp, 1, v_s, 2, M );
        crvmul( v_t, 2, w_t, 1, v_t, 2, M );

        /* Compute v = vt kron vs */

        for( i=0; i < M; i++ ){
            cvcsml( v_s, 2, &v_t[i], ( v + i * N ), 2, N );
        }

        /* Compute v / mean{ abs( v ) } */

        cvmags( v, 2, tmp, 1, len );
        vsqrt( tmp, 1, tmp, 1, len );
        meanv( tmp, 1, &mean, len );
        vsdiv( ( float * ) v, 1, &mean, ( float * ) v, 1, 2 * len );

        /* Solve for a */

        cmatlud( R, perm, LL );
        cvrcip( R, (len + 1)/2, recip, 2, len );
        cmatfbs( R, recip, perm, v, a, 1, LL );

        /* Deallocate Memory */

        free( xc );
        free( v );
        free( R );
        free( v_s );
        free( v_t );
        free( dR );
        free( tmp );
        free ( perm );
        free ( recip );
        err = FALSE;
    } else {
        err = TRUE;
    }
    return( err );
}
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���� ,PSOHPHQWDWLRQ�8VLQJ�6N\�&RPSXWHU·V�6N\9HF�/LEUDU\

This version of the FASTAP algorithm is implemented using Sky Computer’s SkyVec vector
math library.  This code was written by Stephan Fuss of the Georgia Tech Research
Institute, and reviewed and modified by Sky Computer personnel.  The code has been
compiled by Sky Computer but has not been tested for correct computation.

The SkyVec library does not appear to include linear equation solver routines.  To perform
the required solution of a linear system of equations, the example postulates a new double
precision SkyVec library routine cSolv , which would have to be developed and added to
the library.

/*******************************************************************************
**                                                                            **
**       File Name: stapSKY.c                                                 **
**   Creation Date: 2 July 1997                                               **
**   Baseline Date:                                                           **
**   Last Revision:                                                           **
**                                                                            **
** Description:                                                               **
**                                                                            **
*******************************************************************************/
#include <mathlib.h>

/******************************************************************************/

#define FALSE 0
#define TRUE  ( ! FALSE )
#define PI 3.14159265359

/******************************************************************************/
/* SKY IMPLEMENTATION NOTES:                                                  */
/* SKY's Math Library does not contain a complex equation solver,             */
/* cSolv has been defined and would have to be developed.                     */
/* For the equation M*x=b cSolv computes x assuming M is a square matrix.     */
/*                                                                            */
/* Due to the availability of double precision vector routines and the        */
/* likelihood that the cSolv routine could be coded with double-precision     */
/* numbers, double-precision has been used in this code fragment.             */
/******************************************************************************/

void cSolv(
    DOUBLE_COMPLEX *M,           /* Input matrix for eq Mx=b     */
    int             i,           /* Address stride for matrix M  */
    DOUBLE_COMPLEX *b,           /* Input vector for eq Mx=b     */
    int             j,           /* Address stride for vector b  */
    DOUBLE_COMPLEX *x,           /* Output vector for eq Mx=b    */
    int             k,           /* Address stride for vector x  */
    int             dim          /* Dimention of square matrix M */
);

/******************************************************************************/

int adaptiveSKY(
    double *x,
    int len,
    double d_n,
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    double f_n,
    double *w_s,
    int N,
    double *w_t,
    int M,
    double *a ){

    int            i;
    int            LL;
    int            err;
    double         sigma, mean, start, step, val;
    double         *xc;
    double         *v;
    double         *R;
    double         *v_s;
    double         *v_t;
    double         *dR;
    double         *tmp;
    double         *tmpcmpl;

    if ( ( M * N ) == len ){ /* Data Sizes Match */
       /* Allocate Required Memory */

        LL  = len * len;
        xc  = ( double * ) ( malloc( len * 2 * sizeof(double) ) );
        v   = ( double * ) ( malloc( LL * 2 * sizeof(double) ) );
        R   = ( double * ) ( malloc( LL * 2 * sizeof(double) ) );
        v_s = ( double * ) ( malloc( N * 2 * sizeof(double) ) );
        v_t = ( double * ) ( malloc( M * 2 * sizeof(double) ) );
        dR  = ( double * ) ( malloc( len * sizeof( double  ) ) );
        tmp = ( double * ) ( malloc( len * sizeof( double ) ) );
        tmpcmpl = ( double * ) ( malloc ( len * 2 * sizeof ( double ) ) );

        /* Compute R = X*X'/ L */

        cvconj_cd( x, 2, xc, 2, len ); /* xc = x' */
        for( i=0; i < len; i++ ){
            csvmul_cd( &x[i], xc, 2, ( R + i * len ), 2,  len ); /* Scale X' by
x[i] */
        }
        val = ( double ) ( len );
        vsdiv_dp( R, 1, val, R, 1, 2 * len );

        /* dR = diag( R ) NOTE: Diag elements are assumed real */

        vreal_cd( R, 2 * len, dR, 1, len );

        /* sigma = 1.0e-12 * max{ abs( dR ) } */

        vabs_dp( dR, 2, dR, 2, len );
        maxv0_dp( dR, 1, &sigma, len );
        sigma *= 1.0e-12;

        /* R = R + sigma * I */

        vsadd_dp( R, ( 2*len+2 ), &sigma, R, ( 2*len+2 ), len );

        /* Compute Spatial Steering Vector Vs = Ws * exp( -j *2PI* d_n * k) */

        start = 0.0;
        step  = -2.0 * PI * d_n;
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        vramp_dp( start, step, tmp, 1, N );
        cvexp_cd( tmp, 1, tmpcmpl, 2, N );
        vmul_dp( tmpcmpl, 2, w_s, 1, v_s, 2, N );  /* window real elements */
        vmul_dp( &(tmpcmpl+1), 2, w_s, 1, &(v_s+1), 2, N);  /* window imag
elements */

        /* Compute Temporal Steering Vector Vt = Wt * exp( -j *2PI* f_n * k) */
        start = 0.0;
        step  =-2.0 * PI * f_n;
        vramp_dp( start, step, tmp, 1, M );
        cvexp_cd( tmp, 1, tmpcmpl, 2, M );
        vmul_dp( tmpcmpl, 2, w_t, 1, v_t, 2, M );  /* window real elements */
        vmul_dp( &(tmpcmpl+1), 2, w_t, 1, &(v_t+1), 2, M);  /* window imag
elements */

        /* Compute v = vt kron vs */

        for( i=0; i < M; i++ ){
            cvmul_cd( v_s, 2, &v_t[i], ( v + i * N ), 2, N );
        }

        /* Compute v / mean{ abs( v ) } */

        cvmags_cd( v, 2, tmp, 1, len );
        vsqrt_cd( tmp, 1, tmp, 1, len );
        meanv_dp( tmp, 1, &mean, len );
        vsdiv_dp( v, 1, &mean, v, 1, 2 * len );

        /* Solve for a.  NOTE: This is not a SkyVec routine */

        cSolv( R, 2, v, 2, a, 2, len );

        /* Deallocate Memory */

        free( xc );
        free( v );
        free( R );
        free( v_s );
        free( v_t );
        free( dR );
        free( tmp );
        free ( tmpcmpl );
        err = FALSE;
    } else {
        err = TRUE;
    }
    return( err );
}

���� ,PSOHPHQWDWLRQ�8VLQJ�&63,·V�,QGXVWU\�6WDQGDUG�6LJQDO�3URFHVVLQJ

/LEUDU\��,663/�

This version of the FASTAP algorithm is implemented using CSPI’s ISSPL vector math
library.  This code was written by Stephan Fuss of the Georgia Tech Research Institute, and
reviewed and modified by CSPI personnel.  The code has not been compiled by CSPI or
tested for correct computation.
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To perform the required solution of a linear system of equations, the example uses the
ISSPL library routines dmlur  for an L-U decomposition of the coefficient matrix, and drfb
to solve the system by forward-backward substitution.  However, these routines are
available only in single precision in ISSPL, and therefore this code implements a single
precision version of the FASTAP algorithm.

/*******************************************************************************
**                                                                         **
**       File Name: stapCSPI.c                                              **
**   Creation Date: 4 April 1997                                            **
**   Baseline Date:                                                         **
**   Last Revision: 2 July 1997                                             **
**                                                                         **
**                                                                         **
*******************************************************************************/

/******************************************************************************/

#define FALSE 0
#define TRUE  ( ! FALSE )
#define PI 3.14159265359

/******************************************************************************/
/* CSPI IMPLEMENTATION NOTES:                                                 */
/* The function prototype for the "adaptiveCSPI" function has been modified   */
/* slightly to fall in line with CSPI's convention of passing all arguments   */
/* by address.                                                                */
/*                                                                            */
/* CSPI's vector routines support only single-precision complex data type.    */
/* As a result, the following code uses the single-precision routines only.   */
/*                                                                            */
/* No attempt has been made in this code fragment to ensure proper alignment  */
/* of allocated vectors in this code fragment.                                */
/*                                                                            */
/* CSPI's ISSPL routines for decomposing and solving systems of equations     */
/* support only single-precision complex data. This implementation has been   */
/* constructed to use single-precision real and complex data.                 */
/*                                                                            */
/******************************************************************************/

int adaptiveCSPI(
    complex *x,
    long    *len,
    float   d_n,
    float   f_n,
    float   *w_s,
    long    *N,
    float   *w_t,
    long    *M,
    complex *a ){

    int            i;
    int            LL;
    int            err;
    int            errLU;
    int            iperm;
    float          sigma, mean, start, step, val, tol;
    complex        *xc;
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    complex        *v;
    complex        *R;
    complex        *v_s;
    complex        *v_t;
    float          *dR;
    float          *tmp;
    long           step1, step2, step2len, lstep, temp;

    if ( ( M * N ) == len ){  /* Data Sizes Match */
       /* Allocate Required Memory */

        LL  = len * len;
        xc  = ( complex * ) ( malloc( len * sizeof( complex ) ) );
        v   = ( complex * ) ( malloc( LL * sizeof( complex ) ) ) );
        R   = ( complex * ) ( malloc( LL * sizeof( complex ) ) );
        v_s = ( complex * ) ( malloc( N * sizeof( complex ) ) );
        v_t = ( complex * ) ( malloc( M * sizeof( complex ) ) );
        dR  = ( float * ) ( malloc( len * sizeof( float  ) ) );
        tmp = ( float * ) ( malloc( len * sizeof( float ) ) );

        step1 = 1;
        step2 = 2;
        step2len = 2 * len;

        /* Compute R = X*X'/ L */

        cvconj_( x, &step2, xc, &step2, &len ); /* xc = x' */
        for( i=0; i < len; i++ ){
                                                /* scale X' by x[i] */
            cvcsml_( xc, &step2, &x[i], ( R + i * len ), &step2,  &len );
        }
        val = ( float ) ( len );
        vsdiv_( ( float * ) R, &step1, &val, ( float * ) R, &step1, &step2len );

        /* dR = diag( R ) NOTE: Diag elements are assumed real */

        lstep = step2len + 2;
        vreal_( R, &lstep, dR, &step1, &len );

        /* sigma = 1.0e-12 * max{ abs( dR ) } */

        maxmgv_( dR, &step1, &sigma, &temp, &len );
        sigma *= 1.0e-12;

        /* R = R + sigma * I */

        vsadd_( (float *) R, &lstep, &sigma, (float *) R, &lstep, &len );

        /* Compute Spatial Steering Vector Vs = Ws * exp( -j *2PI* d_n * k ) */

        start = 0.0;
        step  = -2.0 * PI * d_n;
        vramp_( &start, &step, tmp, &step1, &N );
        cvmexp_( tmp, &step1, w_s, &step1, v_s, &step2, &N );

        /* Compute Temporal Steering Vector Vt = Wt * exp( -j *2PI* f_n * k) */
        step  =-2.0 * PI * f_n;
        vramp_( &start, &step, tmp, &step1, &M );
        cvmexp_( tmp, &step1, w_t, &step1, v_t, &step2, &M );

        /* Compute v = vt kron vs */
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        for( i=0; i < M; i++ ){
            cvcsml_( v_s, &step2, &v_t[i], ( v + i * N ), &step2, &N );
        }

        /* Compute v / mean{ abs( v ) } */

        cvabs_( v, &step2, tmp, &step1, &len );
        meanv_( tmp, &step1, &mean, &len );
        vsdiv_( ( float * ) v, &step1, &mean, ( float * ) v, &step1, &step2len);

        /* Solve for a. */

        tol = 1.0e-5;
        dmlur_( R, 1, 1, iperm, &len, tol, errLU );
        drfb_(R, 1, 1, iperm, v, &step2, a, &step2, &len );

        /* Deallocate Memory */

        free( xc );
        free( v );
        free( R );
        free( v_s );
        free( v_t );
        free( dR );
        free( tmp );
        err = FALSE;
    } else {
        err = TRUE;
    }
    return( err );
}

���� ,PSOHPHQWDWLRQ�8VLQJ�WKH�6RQDU�0LGGOHZDUH�6WDQGDUG

This version of the FASTAP algorithm is implemented using the Naval Underwater Warfare
Center’s Sonar Middleware Standard (SMS); see the SMS website at
<www.npt.nuwc.navy.mil/hq/library/sonmidwr.html> for information on the SMS. This code
was written by Stephan Fuss of the Georgia Tech Research Institute, but has not been
reviewed by personnel expert in SMS coding nor compiled on an SMS implementation.

The Sonar Middleware Standard library does not appears limited to single precision
arithmetic, and also does not appear to include linear equation solver routines.  To perform
the required solution of a linear system of equations, the example therefore postulates a
new sincle precision SMS library routine cSolv , which would have to be developed and
added to the library.

/*******************************************************************************
**                                                                            **
**   File Name: stapSMS.c                                                     **
**   Creation Date: 4 April 1997                                              **
**   Baseline Date:                                                           **
**   Last Revision: 28 July 1997                                              **
**                                                                            **
** Description:                                                               **
**                                                                            **
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*******************************************************************************/

#include <glfss_external.h>
#include "malloc.h"
/******************************************************************************/

#define FALSE 0
#define TRUE  ( ! FALSE )
#define PI 3.14159265359

/******************************************************************************/
/* SMS IMPLEMENTATION NOTES:                                                  */
/* SMS Scientific Functions support only single-precision complex data.       */
/* This implementation has been constructed to use single-precision real and  */
/* complex data.                                                              */
/*                                                                            */
/* SMS Scientific Functions do not contain a complex equation solver;         */
/* cSolv has been defined and would have to be developed.                     */
/* For the equation M*x=b cSolv computes x assuming M is a square matrix.     */
/*                                                                            */
/******************************************************************************/

void cSolv(
    COMPLEX   *M,           /* Input matrix for eq Mx=b     */
    int       *i,           /* Address stride for matrix M  */
    COMPLEX   *b,           /* Input vector for eq Mx=b     */
    int       *j,           /* Address stride for vector b  */
    COMPLEX   *x,           /* Output vector for eq Mx=b    */
    int       *k,           /* Address stride for vector x  */
    int       *dim          /* Dimention of square matrix M */
);

/******************************************************************************/

int adaptiveSMS(
    COMPLEX     *x,
    int         *len,
    float       *d_n,
    float       *f_n,
    float       *w_s,
    int         *N,
    float       *w_t,
    int         *M,
    COMPLEX     *a )
{

    int            i;
    int            LL;
    int            err;
    float          sigma, mean, start, end, val;
    COMPLEX       *xc;
    COMPLEX       *v;
    COMPLEX       *R;
    COMPLEX       *v_s;
    COMPLEX       *v_t;
    float         *dR;
    float         *tmp;
    int            stride0, stride1, stride2, striden;

    if ( ( M * N ) == len ){ /* Data Sizes Match */
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       /* Allocate Required Memory */

        LL  = len * len;
        xc  = ( COMPLEX * ) ( malloc( len * sizeof( COMPLEX ) ) );
        v   = ( COMPLEX * ) ( malloc( LL * sizeof( COMPLEX ) ) );
        R   = ( COMPLEX * ) ( malloc( LL * sizeof(COMPLEX) ) );
        v_s = ( COMPLEX * ) ( malloc( N * sizeof(COMPLEX) ) );
        v_t = ( COMPLEX * ) ( malloc( M * sizeof(COMPLEX) ) );
        dR  = ( float * ) ( malloc( len * sizeof( float  ) ) );
        tmp = ( float * ) ( malloc( len * sizeof( float ) ) );

        stride0 = 0;
        stride1 = 1;
        stride2 = 2;
        striden = 0;

                            /* Compute R = (X * X')/L               */
                                              /* xc = x'            */
        glfss_vmov_( x, &stride2, xc, &stride2, &len );
        glfss_vneg_( &(x+1), &stride2, &(xc+1), &stride2, &len );

                                              /* Compute R = X*X'   */
        for( i=0; i < len; i++ ){
            glfss_cvmul_( xc, &stride2, &x[i], &stride0,
                          ( R + i * len ), &stride2, &len );
        }
                                              /* Compute R = R/L    */
        striden = 2 * len;
        val = (float) len;
        glfss_vdiv_( (float *) R, &stride1, &val, &stride0,
                     (float *) R, &stride1, striden );

        /* dR = diag( R ) NOTE: Diag elements are assumed real */
        striden = (2 * len) + 2;
        glfss_vmov_( R, &striden, dR, &stride1, &len );

        /* sigma = 1.0e-12 * max{ abs( dR ) } */
        glfss_maxmgv_( dR, &stride1, &sigma, &i, &len );
        sigma *= 1.0e-12;

        /* R = R + sigma * I */
        glfss_vsadd_( (float *) R, &striden, &sigma,
                      (float *) R, &striden, &len );

        /* Compute Spatial Steering Vector Vs = Ws * exp( -j *2PI* d_n * k) */
        start = 0.0;
        end   = -2.0 * PI * d_n * N;
        glfss_vgen_( &start, &end, tmp, &stride1, &N );
        glfss_cvexp_( tmp, &stride1, v_s, &stride2, &N );
        glfss_crvmul_( v_s, &stride2, w_s, &stride1, v_s, &stride2, &N );

        /* Compute Temporal Steering Vector Vt = Wt * exp( -j *2PI* f_n * k ) */
        end   = -2.0 * PI * f_n * N;
        glfss_vgen_( &start, &end, tmp, &stride1, &M );
        glfss_cvexp_( tmp, &stride1, v_t, &stride2, &M );
        glfss_crvmul_( v_t, &stride2, w_t, &stride1, v_t, &stride2, &M );

        /* Compute v = vt kron vs */
        for( i=0; i < M; i++ ){
            glfss_cvmul_( v_s, &stride2, &v_t[i], &stride0,
                         (v + (i * N)), &stride2, &N );
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        }

        /* Compute v / mean{ abs( v ) } */
        striden = 2 * len;
        glfss_cvabs_( v, &stride2, tmp, &stride1, &len );
        glfss_meanv_( tmp, &stride1, &mean, &len );
        glfss_vsdiv_( (float *) v, &stride1, &mean,
                      (float *) v, &stride1, &striden );

        /* Solve for a */
        cSolv ( R, &stride2, v, &stride2, &len );

        /* Deallocate Memory */

        free( xc );
        free( v );
        free( R );
        free( v_s );
        free( v_t );
        free( dR );
        free( tmp );
        err = FALSE;
    } else {
        err = TRUE;
    }
    return( err );
}

�� ,PSOHPHQWDWLRQ�8VLQJ�WKH�&RPSLOHG�0$7/$%

The following C code was obtained by passing the MATLAB code of Section 2 of this memo
through the MathWorks MATLAB Compiler, version 1.0. Most of the comments, again
highlighted by blue text, are exactly the MATLAB source code statements of Section 2.

Compiling and executing this code requires separately-purchased MathWorks math libraries
not currently available at Georgia Tech, so this was not done.  However, it is possible to
compile the code into a MATLAB MEX file and execute it from within MATLAB.  This was
done and results compared against the direct MATLAB for accuracy and speed on one
simple test case.1

/*
 *  MATLAB Compiler: 1.0
 *  Date: Oct 20, 1995
 *  Arguments: steer
 *  *** suppressing complex case: no complex arguments ***
 */
#include <math.h>
#include "mex.h"

                                                     
1 It is interesting to note that the compiled/MEX-file version ran in 2.1233 seconds, actually slower than the 1.6332 seconds required for the
original MATLAB under MATLAB 4 or the 1.2572 seconds required in MATLAB 5.  However, this is the result of a single test in an
uncontrolled multiuser environment.  The machine used was a Sun SPARCServer 1000 running Solaris 2.5.  Because of the lack of libraries,
run time for a stand-alone C version is not available.



z Page 20

#include "mcc.h"

void
mexFunction(
    int nlhs_,
    Matrix *plhs_[],
    int nrhs_,
    Matrix *prhs_[]
)
{
   int ci_, i_, j_;
   unsigned flags_;
   Matrix *Mplhs_[32], *Mprhs_[32];
/***************** Compiler Assumptions ****************
 *
 *       C0_         complex scalar temporary
 *       CM0_        complex vector/matrix temporary
 *       CM1_        complex vector/matrix temporary
 *       Dn          real scalar
 *       Fn          real scalar
 *       L           integer scalar
 *       M           integer scalar
 *       N           integer scalar
 *       R           real vector/matrix
 *       RM0_        real vector/matrix temporary
 *       RM1_        real vector/matrix temporary
 *       RM2_        real vector/matrix temporary
 *       abs         <function>
 *       avg         real vector/matrix
 *       clear       <function>
 *       diag        <function>
 *       exp         <function>
 *       eye         <function>
 *       hamming     <function>
 *       kron        <function>
 *       max         <function>
 *       mean        <function>
 *       noisef      real vector/matrix
 *       pi          <function>
 *       randn       <function>
 *       size        <function>
 *       spatial_steer complex vector/matrix
 *       spatial_window real vector/matrix
 *       steer       <function being defined>
 *       steer       complex vector/matrix  => steer_1
 *       temporal_steer complex vector/matrix
 *       temporal_window real vector/matrix
 *       weight      complex vector/matrix
 *       x           real vector/matrix
 *******************************************************/
   int N;
   int M;
   int L;
   Matrix x;
   Matrix spatial_window;
   Matrix temporal_window;
   double Dn;
   double Fn;
   Matrix R;
   Matrix noisef;
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   Matrix spatial_steer;
   Matrix temporal_steer;
   Matrix steer_1;
   Matrix avg;
   Matrix weight;
   Matrix RM0_;
   Matrix RM1_;
   Matrix RM2_;
   double C0__r, C0__i;
   Matrix CM0_;
   Matrix CM1_;

   mccRealInit(x);
   mccRealInit(spatial_window);
   mccRealInit(temporal_window);
   mccRealInit(R);
   mccRealInit(noisef);
   mccComplexInit(spatial_steer);
   mccComplexInit(temporal_steer);
   mccComplexInit(steer_1);
   mccRealInit(avg);
   mccComplexInit(weight);
   mccRealInit(RM0_);
   mccRealInit(RM1_);
   mccRealInit(RM2_);
   mccComplexInit(CM0_);
   mccComplexInit(CM1_);

/* R = x * x'; */
   mccConjTrans(&RM0_, &x);
   mccRealMatrixMultiply(&R, &x, &RM0_);

   /* R = R/L; */
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_R;
      int I_R=1;
      double *p_1R;
      int I_1R=1;
      m_ = mcmCalcResultSize(m_, &n_, R.m, R.n);
      mccAllocateMatrix(&R, m_, n_);
      I_R = (R.m != 1 || R.n != 1);
      p_R = R.pr;
      I_1R = (R.m != 1 || R.n != 1);
      p_1R = R.pr;
      for (j_=0; j_<n_; ++j_)
      {
         for (i_=0; i_<m_; ++i_, p_R+=I_R, p_1R+=I_1R)
         {
            *p_R = (*p_1R / (double) L);
            ;
         }
      }
   }
   R.dmode = mxNUMBER;

   /* noisef = 1e-12*max(abs(diag(R))); */
   Mprhs_[0] = &R;
   Mplhs_[0] = &RM0_;
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   mccCallMATLAB(1, Mplhs_, 1, Mprhs_, "diag", 28);
   mccAbs(&RM1_, &RM0_);
   mccMax(&RM2_, &RM1_);
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_noisef;
      int I_noisef=1;
      double *p_RM2_;
      int I_RM2_=1;
      m_ = mcmCalcResultSize(m_, &n_, RM2_.m, RM2_.n);
      mccAllocateMatrix(&noisef, m_, n_);
      I_noisef = (noisef.m != 1 || noisef.n != 1);
      p_noisef = noisef.pr;
      I_RM2_ = (RM2_.m != 1 || RM2_.n != 1);
      p_RM2_ = RM2_.pr;
      for (j_=0; j_<n_; ++j_)
      {
         for (i_=0; i_<m_; ++i_, p_noisef+=I_noisef, p_RM2_+=I_RM2_)
         {
            *p_noisef = (1e-12 * *p_RM2_);
            ;
         }
      }
   }
   noisef.dmode = mxNUMBER;

   /* R = R + noisef*eye(size(R)); */
   mccSize(&RM2_, &R);
   Mprhs_[0] = &RM2_;
   Mplhs_[0] = &RM1_;
   mccCallMATLAB(1, Mplhs_, 1, Mprhs_, "eye", 30);
   mccRealMatrixMultiply(&RM0_, &noisef, &RM1_);
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_R;
      int I_R=1;
      double *p_1R;
      int I_1R=1;
      double *p_RM0_;
      int I_RM0_=1;
      m_ = mcmCalcResultSize(m_, &n_, R.m, R.n);
      m_ = mcmCalcResultSize(m_, &n_, RM0_.m, RM0_.n);
      mccAllocateMatrix(&R, m_, n_);
      I_R = (R.m != 1 || R.n != 1);
      p_R = R.pr;
      I_1R = (R.m != 1 || R.n != 1);
      p_1R = R.pr;
      I_RM0_ = (RM0_.m != 1 || RM0_.n != 1);
      p_RM0_ = RM0_.pr;
      for (j_=0; j_<n_; ++j_)
      {
         for (i_=0; i_<m_; ++i_, p_R+=I_R, p_1R+=I_1R, p_RM0_+=I_RM0_)
         {
            *p_R = (*p_1R + *p_RM0_);
            ;
         }
      }
   }
   R.dmode = mxNUMBER;
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   /* spatial_steer = spatial_window .* exp(j*2*pi*Dn*[0:N-1]'); */
   C0__r = (((0. * 2) * mcmPi()) * Dn);
   C0__i = (((1. * 2) * mcmPi()) * Dn);
   mccColon2(&RM0_, (double)0, (double)(N - 1));
   mccConjTrans(&RM1_, &RM0_);
   CM0_.dmode = mxNUMBER;
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_CM0_;
      int I_CM0_=1;
      double *q_CM0_;
      double *p_RM1_;
      int I_RM1_=1;
      m_ = mcmCalcResultSize(m_, &n_, RM1_.m, RM1_.n);
      mccAllocateMatrix(&CM0_, m_, n_);
      I_CM0_ = (CM0_.m != 1 || CM0_.n != 1);
      p_CM0_ = CM0_.pr;
      q_CM0_ = CM0_.pi;
      I_RM1_ = (RM1_.m != 1 || RM1_.n != 1);
      p_RM1_ = RM1_.pr;
      for (j_=0; j_<n_; ++j_)
      {
         for (i_=0; i_<m_; ++i_, p_CM0_+=I_CM0_, q_CM0_+=I_CM0_, p_RM1_+=I_RM1_)
         {
            *p_CM0_ = (C0__r * ((int)*p_RM1_));
            *q_CM0_ = (C0__i * ((int)*p_RM1_));
            ;
         }
      }
   }
   CM0_.dmode = mxNUMBER;
   Mprhs_[0] = &CM0_;
   Mplhs_[0] = &CM1_;
   mccCallMATLAB(1, Mplhs_, 1, Mprhs_, "exp", 32);
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_spatial_steer;
      int I_spatial_steer=1;
      double *q_spatial_steer;
      double *p_spatial_window;
      int I_spatial_window=1;
      double *p_CM1_;
      int I_CM1_=1;
      double *q_CM1_;
      m_ = mcmCalcResultSize(m_, &n_, spatial_window.m, spatial_window.n);
      m_ = mcmCalcResultSize(m_, &n_, CM1_.m, CM1_.n);
      mccAllocateMatrix(&spatial_steer, m_, n_);
      I_spatial_steer = (spatial_steer.m != 1 || spatial_steer.n != 1);
      p_spatial_steer = spatial_steer.pr;
      q_spatial_steer = spatial_steer.pi;
      I_spatial_window = (spatial_window.m != 1 || spatial_window.n != 1);
      p_spatial_window = spatial_window.pr;
      I_CM1_ = (CM1_.m != 1 || CM1_.n != 1);
      p_CM1_ = CM1_.pr;
      q_CM1_ = CM1_.pi;
      for (j_=0; j_<n_; ++j_)
      {
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         for (i_=0; i_<m_; ++i_, p_spatial_steer+=I_spatial_steer,
q_spatial_steer+=I_spatial_steer, p_spatial_window+=I_spatial_window,
p_CM1_+=I_CM1_, q_CM1_+=I_CM1_)
         {
            *p_spatial_steer = (*p_spatial_window * *p_CM1_);
            *q_spatial_steer = (*p_spatial_window * *q_CM1_);
            ;
         }
      }
   }
   spatial_steer.dmode = mxNUMBER;

   /* temporal_steer = temporal_window .* exp(j*2*pi*Fn*[0:M-1]'); */
   C0__r = (((0. * 2) * mcmPi()) * Fn);
   C0__i = (((1. * 2) * mcmPi()) * Fn);
   mccColon2(&RM1_, (double)0, (double)(M - 1));
   mccConjTrans(&RM0_, &RM1_);
   CM1_.dmode = mxNUMBER;
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_CM1_;
      int I_CM1_=1;
      double *q_CM1_;
      double *p_RM0_;
      int I_RM0_=1;
      m_ = mcmCalcResultSize(m_, &n_, RM0_.m, RM0_.n);
      mccAllocateMatrix(&CM1_, m_, n_);
      I_CM1_ = (CM1_.m != 1 || CM1_.n != 1);
      p_CM1_ = CM1_.pr;
      q_CM1_ = CM1_.pi;
      I_RM0_ = (RM0_.m != 1 || RM0_.n != 1);
      p_RM0_ = RM0_.pr;
      for (j_=0; j_<n_; ++j_)
      {
         for (i_=0; i_<m_; ++i_, p_CM1_+=I_CM1_, q_CM1_+=I_CM1_, p_RM0_+=I_RM0_)
         {
            *p_CM1_ = (C0__r * ((int)*p_RM0_));
            *q_CM1_ = (C0__i * ((int)*p_RM0_));
            ;
         }
      }
   }
   CM1_.dmode = mxNUMBER;
   Mprhs_[0] = &CM1_;
   Mplhs_[0] = &CM0_;
   mccCallMATLAB(1, Mplhs_, 1, Mprhs_, "exp", 34);
   {
      int m_=1, n_=1, cx_ = 0;
      double t_;
      double *p_temporal_steer;
      int I_temporal_steer=1;
      double *q_temporal_steer;
      double *p_temporal_window;
      int I_temporal_window=1;
      double *p_CM0_;
      int I_CM0_=1;
      double *q_CM0_;
      m_ = mcmCalcResultSize(m_, &n_, temporal_window.m, temporal_window.n);
      m_ = mcmCalcResultSize(m_, &n_, CM0_.m, CM0_.n);
      mccAllocateMatrix(&temporal_steer, m_, n_);
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      I_temporal_steer = (temporal_steer.m != 1 || temporal_steer.n != 1);
      p_temporal_steer = temporal_steer.pr;
      q_temporal_steer = temporal_steer.pi;
      I_temporal_window = (temporal_window.m != 1 || temporal_window.n != 1);
      p_temporal_window = temporal_window.pr;
      I_CM0_ = (CM0_.m != 1 || CM0_.n != 1);
      p_CM0_ = CM0_.pr;
      q_CM0_ = CM0_.pi;
      for (j_=0; j_<n_; ++j_)
      {
         for (i_=0; i_<m_; ++i_, p_temporal_steer+=I_temporal_steer,
q_temporal_steer+=I_temporal_steer, p_temporal_window+=I_temporal_window,
p_CM0_+=I_CM0_, q_CM0_+=I_CM0_)
         {
            *p_temporal_steer = (*p_temporal_window * *p_CM0_);
            *q_temporal_steer = (*p_temporal_window * *q_CM0_);
            ;
         }
      }
   }
   temporal_steer.dmode = mxNUMBER;

   /* steer = kron(temporal_steer, spatial_steer); */
   Mprhs_[0] = &temporal_steer;
   Mprhs_[1] = &spatial_steer;
   Mplhs_[0] = &steer_1;
   mccCallMATLAB(1, Mplhs_, 2, Mprhs_, "kron", 36);

   /* avg = mean(abs(steer)); */
   mccAbs(&RM0_, &steer_1);
   Mprhs_[0] = &RM0_;
   Mplhs_[0] = &avg;
   mccCallMATLAB(1, Mplhs_, 1, Mprhs_, "mean", 38);

   /* steer = steer/avg; */
   mccRightDivide(&steer_1, &steer_1, &avg);

   /* weight = R\steer; */
   mccLeftDivide(&weight, &R, &steer_1);

   /* clear x R noisef Dn Fn spatial_steer temporal_steer ... */
   mccClear();
   return;
}

�� 3RWHQWLDO�&���,PSOHPHQWDWLRQV

Though not directly comparable to the C-based implementations such as VSIP and the
commercial APIs of Section 4, it may be of interest in the near future to consider C++-based
signal processing libraries.  One currently available approach is MathTools’ MATCOM
MATLAB-to-C++ compiler and libraries.  In addition, E. Robert Tisdale of Hughes Research
Laboratories has proposed a notional C++ binding for the VSIP standard.  In this section we
consider how the FASTAP example would look in realizations based on these C++ tools.
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���� 0$7&20�0$7/$%�WR�&���&RPSLOHU

This version of the FASTAP example was produced using Version 2.01 of MathTools’
MATCOM MATLAB-to-C++ compiler.  Note that the MATCOM compiler places all of the
MATLAB code into a function called steer() and creates a main() program which invokes
steer() as well as initialization and exit routines.  This produces a few extra lines of #defines
and setup code which have been included in the comparison of Section 7.  There are no
comments in the MATCOM C++ output, but many of the statements are virtually identical to
the corresponding MATLAB statements. This code was compiled, linked, and executed at
Georgia Tech.1

#ifdef m_type
#undef m_type
#endif
#define m_type double
#include <matlib.h>
#include "steer.h"

main() {
  initM(cin,cout,cerr);
  steer();
  exitM();
  return 0;
}

#ifdef m_type
#undef m_type
#endif
#define m_type double
#include <matlib.h>

#include "steer.h"
#include "hamming.h"
#include "kron.h"

M<double> steer() {
  M<double> N("N",0,0); M<double> M_("M_",0,0); M<double> L("L",0,0); M<double> \
    x("x",0,0); M<double> spatial_window("spatial_window",0,0); M<double> \
    temporal_window("temporal_window",0,0); M<double> Dn("Dn",0,0); M<double> \
    Fn("Fn",0,0); M<double> R("R",0,0); M<double> noisef("noisef",0,0); M<double>
\
    spatial_steer("spatial_steer",0,0); M<double>
temporal_steer("temporal_steer",\
    0,0); M<double> steer("steer",0,0); M<double> avg("avg",0,0); M<double> \
    weight("weight",0,0);

  double old_nargin=nargin;   if (!nargin_set)  nargin =0.0;
  double old_nargout=nargout; if (!nargout_set) nargout=0.0;
  nargin_set=0; nargout_set=0;

                                                     
1 Elapsed time on the same SPARCServer was 13.47 seconds.  Other MATLAB examples compiled using MATCOM at Georgia Tech have
demonstrated both faster and slower execution times than the correspdonig MATLAB code; for examples, see M. Clinard and M. Yager,
”Conversion of Matlab Simulation to Khoros,” Khoros Symposium '97 Proceedings, Albuquerque, NM, March 1997.  This paper is also
available on the MathTools web site at <www.mathtools.com/users/kripaper.html>.
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  R=x*transpose(x);
  R=R/L;
  noisef=1e-12*max(abs(diag(R)));
  R=R+noisef*eye(size(R));
  spatial_steer=dot_mul(spatial_window,exp(j*2.0*pi*Dn*transpose((BR(colon(\
    0.0,1,N-1.0))))));
  temporal_steer=dot_mul(temporal_window,exp(j*2.0*pi*Fn*transpose((BR(\
    colon(0.0,1,M_-1.0))))));
  steer=kron(temporal_steer,spatial_steer);
  avg=mean(abs(steer));
  steer=steer/avg;
  weight=invdiv(R,steer);
  clear(x);
  clear(R);
  clear(noisef);
  clear(Dn);
  clear(Fn);
  clear(spatial_steer);
  clear(temporal_steer);
  clear(steer);
  clear(avg);
  clear(weight);
  nargin=old_nargin; nargout=old_nargout;
  return(x_M);
}

���� 1RWLRQDO�96,3�&���%LQGLQJ

This version of FASTAP is based on a notional C++ binding for the VSIP library posited by
E. Robert Tisdale of Hughes Research Laboratories.  Note that the C++ binding is not part
of the VSIP standard at this time.  Comparison of this code to the versions in Section 3 and
4 reveals that, similar to the MATCOM C++ version, this implementation of the FASTAP
algorithm is much more compact and similar to the original MATLAB than any of the C-
based codings.

The example was based on an earlier March 1997 version of the VSIP library, and is not
entirely consistent with current naming conventions.  In addition, it assumes the existence of
two VSIP functions not currently defined, namely

• XCS_d

• solve

XCS_d is a complex exponential function.  In Section 3, this effect was created using a set of
five calls (to vsip_vramp_d, vsip_vcos_d, vsip_vsin_d, vsip_vcmplx_d, and
vsip_rcvmul_d) . This is the series of calls which may be replaced by a function
vsip_rcvexp_d  in future versions of VSIP.  The linear equation solution via a call to
solve  was handled by  a pair of calls (to vsip_clud_d and vsip_cvsolvelu ) in
Section 3; an actual VSIP C++ binding could be expected to offer the same functionality.

// shootout.cc Version 0.000 February 20, 1997
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//
// This file contains VSIP Memory Hierarchy Test Application #1.
//
// Copyright February 1997, Hughes Research Laboratories, Inc.
// This is an unpublished work. All rights reserved.
//
// Authors: David Schwartz and E. Robert Tisdale
//
// Code is an adaptive beamformer,
// based on the MountainTop code by Yaron Seliktar, GA Tech.
// Comments may contain the equivalent MATLAB code.
//

#include <vsip_cmatrix.h>

vsip_return_cmatrix_d adaptive(
  const vsip_cmview_d& X, // x[MN][L]
  const double& d_n, // Dn
  const double& f_n, // Fn
  const vsip_vview_d& w_s, //  spatial_window[N]
  const vsip_vview_d& w_t) { // temporal_window[M]
  if (X.length2() == w_t.length()*w_s.length()) {
    vsip_cmatrix_d R   = X.jdot(X)/X.length1();

// R = x*x'/L
    double sigma = 1.0e-12*max(mag(real(diag(R))));
    vsip_cvector_d v_s = XCS_d(w_s, 2.0*M_PI*d_n, 0.0);

//  spatial =  spatial_window .* exp(j*2*pi*Dn*[0:N-1]')
    vsip_cvector_d v_t = XCS_d(w_t, 2.0*M_PI*f_n, 0.0);

// temporal = temporal_window .* exp(j*2*pi*Fn*[0:M-1]')
    vsip_cvector_d v   = kronecker(v_t, v_s);

// steer = kron(temporal, spatial)
    diag(R) += sigma; // R = R + noisef*eye(size(R)
    return solve(R, v/mean(mag(v))); // weight = R\(steer/mean(abs(steer)))
    }
  else { // nonconformant inputs

// Handle the error.
    }
  }

�� &RPSDULVRQ�RI�,PSOHPHQWDWLRQV

In this section, we compare the source code complexity of the nine implementations of the
FASTAP algorithm presented herein.  The intent is to roughly represent the effort to the
source code programmer of writing this functionality in each environment.  To do so, we
have chosen to estimate the source lines of code (SLOC) for each implementation.
Furthermore, we categorize each SLOC as one of three types:

1. “setup,” which includes variable and pointer declarations, memory allocation and
deallocation, boundary alignment, view creation, etc.;

2. “control,”  which includes flow control statements such as for , while , case , and
if ; and
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3. “computation,” which includes initializations (when separate from declarations),
assignments, arithmetic statements, and calls to functions which primarily
perform arithmetic computations.

Ideally, an implementation would have minimal total SLOC with a high proportion of
computation and low proportion of setup and control.

This is necessarily a crude and approximate comparison.  Many statements are difficult to
categorize cleanly into one of these three categories.  Furthermore, simple matters of
coding style complicate the issue, and since the example codes were written by several
different persons, this is a nontrivial point. For example, consider the following three
declarations of the integer variables m and n in C:

int m, n; int m,
    n;

int m;
int n;

Which of these should be counted as one SLOC and which as two?  In this section, all three
would be counted as one SLOC on the grounds that the coding difficulty is essentially the
same.  Another difficulty is that most of these codes could probably be optimized to reduce
code, for example by making certain the number of temporary arrays was minimized to
reduce declarations and allocations/deallocations.  Note that minimizing SLOC in this
fashion might be detrimental to clarity!

Following are some informal rules used by one of the authors (M.R.) to categorize the
source code in the earlier sections:

1. The following statements are not counted at all:

• #include  statements

• #define  statements considered to be global variables, e.g. definitions of
TRUE, FALSE, and PI .

• declarations of the variables in Table 1, which are presumed to be pre-
existing

• initial call to the adaptive beamformer code (e.g., the line “int
adaptiveMC ” in Section 4.1) and corresponding return

• any lines containing only an opening or closing parenthesis or bracket

2. Adjacent or nearly-adjacent variable declarations of the same type (e.g., float
or complex ) are counted as a single SLOC (like the first column of the integer
declaration example above) for up to 6 variables.  The 7th through 12th variables
are considered a second SLOC, etc.
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3. Declarations of variables and pointers otherwise of the same type are not
combined.  For example, double x  and double *p  would not be combined
into one SLOC.

4. Function calls with parameter lists are counted as a single SLOC for up to 6
parameters.  The 7th through 12th parameters are considered a second SLOC,
etc.  A similar rule is also applied to the MATLAB clear  statement in Section 2.

5. Error handling if...else  statements at the end of several code fragments are
not counted.

6. A call to the function CalcResultSize  which appears in the compiled MATLAB
code of Section 5 is considered one SLOC of computational code.

7. The repeated series of 6 lines beginning “#ifdef m_type ” and ending with
“include “steer.h”  “ in the MATCOM C++ code of Section 6.1 is counted
only once (as 4 setup SLOC; the #include  statements are not counted at all).

Finally, recall that the Mercury SAL and CSPI ISSPL implementations assume single
precision so that the available linear equation solvers may be used.  The SMS
implementation is single precision because only single precision functions are supported.
The other implementations are all double precision.  The Sky SkyVec, SMS, and VSIP C++
implementations assume linear equation solver routines which do not currently exist; in
these implementations we have assumed that, if written, they would be written in a single
call, double precision version.  While this is almost certain for VSIP C++, it may be less likely
for SkyVec, since competitors Mercury and CSPI provide only single precision solvers.

Subject to these qualifications, Table 4 summarizes the analysis of the source code of the
FASTAP implementations.  As expected, MATLAB is the most compact code, due to its
automated management of declarations and memory, matrix-vector operations, and
extensive  libraries.  Note, for instance, that no control statements whatever are needed by
the MATLAB code since all of the operations can be vectorized.

Most of the C implementations completed to date, including the VSIP implementation, are
very similar in code size and breakdown.  SMS is the buliest by a small margin.  VSIP is
slightly more compact than SAL or SkyVec, but less than ISSPL.  While VSIP is economical
in computational SLOC, it is somewhat high in setup SLOC in this example due to the need
to establish views.  The MATLAB compiler is extremely verbose in the code generated.

This comparison establishes that the VSIP library is capable of providing an interface to
signal and image processing functions which is more portable than existing vendor-specific
libraries and enjoys the added flexibility of the VSIP approach without expanding the
complexity of the source code.

As might be expected, the C++ implementations are more compact than the C
implementations.  The notional VSIP C++ binding is competitive with the original MATLAB.
This result is speculative, since no C++ binding has yet been fully specified and additional
SLOC could be required.
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Table 4.  Comparison of Source Code Implementations of the FASTAP Algorithm.

Source Lines of Code

Environment Total Setup Control Computation Single or
Double

Precision?

New Functions
Assumed?

MATLAB 11 1 0 10 D N

C Implementations

VSIP 52 27 2 23 D N

Mercury SAL 54 23 3 28 S N

Sky SkyVec 59 29 3 27 D Y

CSPI ISSPL 49 19 3 27 S N

Sonar Middleware
Standard

62 28 3 31 S Y

MATLAB C compiler 174 55 14 105 D N

C++ Implementations

MATCOM C++ compiler 33 13 3 17 D N

VSIP C++ binding 12 4 1 7 D Y


