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0. Introduction

There are numerous applications of filter banks in audio signal processing. A
common example is the use of a Graphic Equalizer to tailor home or automobile
frequency response for the reproduction of music. The Graphic Equalizer is a
filter bank comprising a multiplicity of distinct low-order filters (bank-filters),
arranged in parallel, each predominating in only a fixed portion of the audio
spectrum. The Graphic Equalizer is one instance where the composite filter-bank
transfer function is used as compensation to approximate some desired
frequency response.

A natural question arises pertaining to the optimum setting of each bank-filter.
The answer encompasses known results in the branch of mathematics called
Linear Algebra. Two innovations are required, however: 1) a method of
synthesizing the desired phase response when given only the magnitude of the
desired frequency response, 2) a method of bounding the solution while still
yielding the optimum bank-filter setting.

1. Problem Statement

We are given a fixed bank of filters, together spanning some large bandwidth in
the audio spectrum. The characteristics of each individual filter from the bank
(filter selectivity, center frequency, magnitude/phase response, etc.) are
predetermined and beyond our control at this point. The only control available
to us is the level of the output of each individual filter from the bank. These
levels are not without bounds and we will map the full scale output of any
individual bank-filter to a level of 1, while the inverted full scale output of any
individual bank-filter will be mapped to a level of -1. (Level inversion provides
us with the capability of subtracting an individual bank-filter output from the
composite transfer function.)

We are also given only the magnitude of a desired frequency response that we
interpret as the frequency response magnitude of some desired high-order
transfer function. This desired response is, in general, beyond the capability of
any one bank-filter to match in any sense. Further, the desired magnitude
response will not necessarily have any characteristics in common with any one of
the bank-filters.



The problem we are presented with is how to adjust each individual bank-filter
level so that the composite magnitude response of the bank matches, as closely as
possible in some sense, the desired magnitude response.

2. Classical Solution

The problem, as stated above, can be formulated using Linear Algebra. Linear
Algebra comprises all of matrix theory. The classical problem of Linear Algebra
is the solution of simultaneous equations, typically formulated as:

Ax=b (0.1)

where A isamatrix, x and b are vectors. The vector x is the unknown here,
while A and b are given. When there are as many equations as unknowns and
all the equations are independent, the matrix A is square and the solution is
simply:

x=A1p (0.2)

Quite often, as in our case, there are more equations than unknowns and the
simple solution in (0.2) can no longer be applied because A, not being square, is
no longer invertible. Further, there can be no exact solution to (0.1) if b is not in
the range spanned by the columns of A. When A has more rows than columns,
this case is called "over-determined" and solved using the method of least squares:

x=(AHA)1AHD (0.3)

Superscript H denotes the conjugate transpose of the matrix A. That solution is
well known, [Strang] and works when (A" A) is invertible (when the columns
of A are independent) whether or not b is in the range of A.

2.1 Relation to the Problem at Hand

We will solve our problem in the frequency domain. The bank-filter levels that
are under our control act as scalars in both the time and frequency domains. In
the time domain each level multiplies a real audio signal emanating from its
respective bank-filter output. But in the frequency domain, we use each level to
scale the complex-valued response of each bank-filter; i.e., each bank-filter has
both a magnitude and a phase response. It is the magnitude that is scaled by the
corresponding level.

We now relate our problem to least squares of linear algebra:



We first load each individual column of the A matrix with the full scale
frequency response (sampled in the frequency domain) of one filter from the
bank; one filter per column, each column entry being a complex sample of the
tilter response at a particular frequency. In other words, each column of the A
matrix holds the sampled frequency response for a different bank-filter. Hence,
there are as many columns as there are bank-filters p, while there are as many
rows of the A matrix as there are frequencies of evaluation N; A is of
dimension [N x p].

The vector b holds the desired magnitude response, which was given, sampled
at the same frequencies corresponding to the rows of A. The number of
elements in b is therefore the same as the number of frequencies of evaluation;
b is [N x 1].

The vector x will hold the levels of the bank-filters that that we seek. x has as
many elements as there are bank-filters; x is [p x 1]. When the number of
frequencies of evaluation N exceeds the number of elements in x, we must use
the Least Squares solution (0.3). We will assume N > p throughout.

2.2 Deficiencies of Classical Solution:
We are ready to solve (0.3), and we can do so using only the information we have
been given.

1) We note that we have been given only the magnitude of the desired response,
and we wonder if a more complete specification, including the desired phase
response, would result in a better approximation, x. The answer is in the
affirmative as that becomes our first deficiency. In fact, if we unwittingly use
only the desired magnitude response, we are implicitly demanding that the
phase of the filter bank become zero over the entire frequency range! That
unrealistic assumption pulls the solution away from the optimal solution by a
wide margin simply because it is impossible to produce a zero-phase transfer
function using the filters which physically comprise the bank.

2) The second deficiency that we discover is sometimes the solution x demands
that the absolute level of some of the individual bank-filters exceed 1. That
means the solution demands more output magnitude from a bank-filter than it is
physically capable of.

This latter deficiency is independent of the first, so we have two separate
problems. We point out that any fitting process that is not given desired phase
information, and whose solution can be formulated as a system of linear
equations, will be required to solve the former deficiency unless a sub-optimal
solution is satisfactory. Also, any fitting process whose solution is bounded by
physical constraints, and whose solution can be formulated as a system of linear
equations, cannot ignore the latter deficiency.



3. Innovations:

3.1 Phase Least-Squares (PhiLS)

The synthetic desired phase response that we beset upon ourselves to make is
found empirically to be unique; i.e., there is one synthetic phase response which
when chosen results in a closer fit x than could ever be attained having chosen
any other. One possible choice that comes to mind is the minimum-phase
transfer function corresponding to the desired magnitude response. It is easily
found [Opp] and definitely unique. It is not the one we want, unfortunately,
because the bank-filters themselves are not necessarily minimum phase.

We derive the optimum synthetic desired phase response by iteration; thatis, we
define the initial condition:

b0 =p (0.4)

This says we start off by placing the given (zero-phase) desired magnitude
response b into b©). We then solve for x(1), using (0.3);

x() = (AH A )T AH p(i-1) ;i=1->infinity.  (0.5)

x( denotes that solution found at our ith iteration of the classical Least Squares
solution. (Note the the classical Least Squares solution (0.3) requires no iteration;
we are imposing the iterations.) Once we have x(1), we then calculate b(}) using
(0.1). From that calculation we retain only the phase response information; we
replace the magnitude response in b with the original desired magnitude
response b thereby yielding our desired b(1). We then use b to calculate x(2)
as in (0.5), and so on... The process repeats until b converges, which we do not
prove here. When convergence is attained, the optimal synthetic desired phase
response will have been found, but, more importantly, the optimal

corresponding x vector that holds all the bank-filter levels will also have been
found.



3.2 Level-Boundary Projection
The obvious remedy for bounding the solution x is to clip the requested filter
levelsin x to +/-1. That appealing solution is far from optimal.

The solution we will use has its roots in a branch of mathematics called
Computational Geometry. [Geo] This mathematical technique requires us to
think of the columns of the [N x p] matrix A as vectors in hyperspace (a vector
space of more than 3 dimensions). Assuming the columns are independent, the
dimension of the subspace spanned by the columns is equal to the number of
columns p. (N >p) The non-orthogonal vectors that we assume span that
entire subspace are simply the columns of A.

For the sake of example, let us assume that p = 3; i.e., our matrix A has only
three columns. Then the vectors that are the columns of A span a 3-dimensional
subspace, but the vectors are pointing in capricious directions. Further, let us
suppose that each of these vectors is, in general, of different but finite length.

The entire range of levels that could possibly be found in x then determines
precisely which points A x in 3-space can be reached by a linear combination of
the A-column vectors.

If we constrain the allowable range of levels x to reside within particular bounds
(say, -1 -> +1), then the reachable set of points in 3-space becomes a distinct
three-dimensional object! All the surfaces of this object lay in a finite region of 3-
space because the bounds on x prevents any of the A-column vectors from
reaching out to infinity.

Our solution then is simply this: When some requested filter level in a Least
Squares solution x exceeds the prescribed range, we project the point A x onto
the closest point lying upon the 3-dimensional object described above. The idea
of projection is not foreign to the theory of Least Squares. There, one is
accustomed to projecting points onto planes or higher-dimensional subspaces
stretching out to infinity. The innovation we have developed is how to project a
point onto an object contained by that space. (See C program in Appendix.)
When the dimension of the space exceeds 3, the same arguments apply but are
more difficult to visualize.

If the technique of PhiLS (described above) is being used, the projection would be
performed after PhiLS is completed. PhiLS is not required, however; the
projection technique described will work for any solution x found by any means
to the problem formulated as A x=Db.

In the past, Least Squares problems having constraints such as this were solved

using a technique called Linear Programming. That technique is akin to an
exhaustive search, so it is expensive computationally. The method of
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constraining the solution that we have proposed above requires no iteration,
hence no search is required.
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Appendix - C program
This code is extraordinarily well tested. Not all subroutines are presented.

/1 Phi LS and saturation projection -Jon Dattorro
#i ncl ude <wi ndows. h>
#i ncl ude <essdl|. h>
4
#

ncl ude <stdio. h>

ncl ude <math. h>

"
.
v
.
.
v
.
.
v
.
.
v
.
.
v
.
.
v
.
.
v

ncl ude "ess_wi n. h"

nclude "ess. h"

ncl ude "curves. h"

ncl ude "dataset.h"

nclude "cnf. h"

ncl ude "wnds. h"

nclude "mathfit.h"

nclude "mathintr.h"
nclude "fattthbl.h"

ncl ude "peaks. h"

nclude "rescurs. h"

ncl ude "convert. h"

ncl ude "regs. h"

ncl ude "messages. h"

ncl ude "mat hgai n. h"

ncl ude "vents. h"

ncl ude "gaintbl . h"

ncl ude "cal ctbl.h"

ncl ude "nmat hmat x. h"

ncl ude "mat hchi p. h"

ncl ude "mat htarg. h"

#i f def DBOUT
#i ncl ude "debugout. h"
#endi f

#define fmax(a,b) (((a)>(b))?(a): (b))

#define fmn(a,b) (((a)<(b))?(a): (b))

#define sqr(x) (x) *(x)
#def i ne WARP_FACTOR 1.0

extern HANDLE hMentCal cTabl e

extern DATA SET_TYPE DataSet; /* Working Data Set */

extern W NDOW TABLE Whds;

extern double H real



extern doubl e H_imag;

ext ern doubl e Vent Cut O f [ NUM_VENTSI ZES] ;
extern BOOL bUNI POLAR,

extern BOOL bRosco[ 2];

/1 switch to let us check validity of saturation projection
extern BOOL bJONSW TCH;

/* Answer to BIG question: poi nter[ NUM FI LTERS] are filter gains.*/

/* This programcurrently provi des positive and negative */
/* gains in the pointer[] array. */

/* The spline_curve() subroutine returns Desired Magnitudes*/

/* in the range of 0. to 1. Discontinuities nake the curve fit problemnore */

/* difficult. Regions of zero magnitude are also intensive to fit.*/

/* At the very least, spline_curve() nust be piecew se linear (as */
/* opposed to piecewi se constant), and the nunber of dB/octave transitions */
/* must be watched. Oherwise, this programwill begin to clip pointer[] */

/* values as they attenpt to exceed |1] to neet the curve denands.

int fit(LOCALHANDLE hMFit Dat a,
doubl e *fitval,
WORD Si de,
doubl e Fmin,
doubl e Frax,
BYTE FATTI ndex)

CALC TABLE FAR *Cal cTabl e;

BOOL ret_val;
register int i, j, k;
int numts, criterion_net;

int total _I| oad;

int di mension, basis[NUMFILTERS], elimnated_vector, howrany_negs,

doubl e mi n_angl e, basis_angle;

doubl e tenpest;

doubl e inmag, real;

doubl e FAR *pointer;

doubl e FAR *pointer1;

doubl e FAR *poi nter2;

doubl e pi a2;

doubl e error, tenpd, current_err, old_err, tenpp, tenpe;

doubl e projection[2*NUM FREQS], projection_trans[2*NUM FREQS] ;

*/

howrany_sat s;

doubl e quantize(), perturbation(), saturate(), reduction(), signun();

doubl e poi nter_copy[ NUM FI LTERS], pointer_trans[ NUM FI LTERS];



struct mag_phase {
doubl e magt u[ NUM_FREQS] ;
doubl e phase[ NUM_FREQS] ;
} b;

FitData FAR *| pFitData;
GLOBALHANDLE hFi t Dat a;
MFi t Dat a *pMFi t Dat a;

doubl e max_magtu, fatt_diff;

#i f defi ned( DBOUT)

DebugQut ("\r\n\r\n\r\n\r\nSi ze needed % ",sizeof (FitData));

DebugQut (" Si ze available % u\r\n", d obal Conpact (( DAORD) si zeof (FitData)));
#endi f

hFitData = d obal Al | oc( GVEM_MOVEABLE, (DWORD)si zeof (FitData));
IpFitData = (FitData FAR *) d obal Lock(hFitData);

pMritData = (MFitData *) Local Lock( hMrit Data);

/******************************* |n|t *************************************/
ret_val = FIT_OK;
pia2 = 8. *atan(1.);

for(i=0; i<NUMFILTERS; i++)
{

| pFitData->K[i] = 1.;

| pFitData->K buf[i] = 0.;
}
poi nterl = | pFitDat a- >K_buf;
poi nter2 = | pFitDat a->K;
poi nter = | pFitData->K;

for(i=0; i<NUMFREQS; i++)

{ [/* Get magnitude curve, form Least Squares inverse weighting. */
/* magnitude limting is performed in mathtarg.c */
b.magtu[i] = pM-itData->Wags[i];

/* WEIGHT[] actually hol ds desired wei ghts squared. */
if(pMritData->Freqs[i] < Fmin) |pFitData->WElGHT[i] = O.;
else if(pMritData->Freqs[i] > Frmax) |pFitData->WEl GHT[i] = O.;

/1 else if (1./b.magtu[i] < 1.0) | pFitData->WEIGHT[i] = 1.;
el se | pFitData->WEl GHT[i] = 1./b.magtuli];



/* Inverse | S equal weighting across frequency. */

| pFit Data- >WElI GHT[i] *= pMri t Dat a- >Wei ghted[i];
| pFi t Dat a- >\WEI GHT[i] = pow(| pFit Dat a- >\WEl GHT[i], WARP_FACTOR);

#if defi ned( DBOUT)
DebugCut ("freq % ", pMFi t Dat a- >Freqs[i]);
DebugQut ("neg %@ ", b.nagtufil]);
DebugQut ("Weighted %g ", pMFi t Dat a->Weighted[i]);
DebugCQut ("VEI GHT %g\r\n", | pFi t Dat a- >WEI GHT[ i ] ) ;
#endi f

}

[REXRKK KKK KKK KKK KRR KKKk kkkkhhkhx END jnit *FFFxxrhdhkrhhhhhkxkhhhkkxkkhkkk kx|

i f (ESCPressed())

{
ret _val = CANCELED;
goto LBL_END;

IEEEEEAEEEREE AR EEEEEEREEEEEEREREEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEERY

/***************** BEG N SI MJLTANEOJS EQJATI O\IS SO_LJTI O\I *******************/
[***** The weighting matrix here is pre-squared as Hin Strang ****xx*x*¥xxxx/
[**** TEMP = (HcAT X VEIGHT X Hc)A(-1) X He_T X WEIGHT *******(pg. 93)****/
[*FERFFxxxAEEXxx% first calculate the He(z) matrix. (pg.92) *****xxxx/

/*** applied weighting function; see Strang book pg. 148 *xx****xxxx/

/* Get the Hreal and H.inmag data out of Cal cTable */
Cal cTabl e = (CALC _TABLE FAR *) LockResour ce( hMental cTabl e) ;

for(i=0; i<NUM FREQS; i++)
for(j=0; j<NUM FILTERS; j++)
{
I Hi z(pMFi t Dat a- >Freqs[i], j, pia2);
IpFitData->Hc[i][j] = (*CalcTable)[j][i].H real;
| pFit Dat a- >Hc[i +NUM FREQS] [j] = (*CalcTable)[j][i].H i mag;
|pFitData->Wi][j] = (*CalcTable)[j][i].Hreal *
| pFi t Dat a- >WEI GHT[ i ] ; /* have W= WEIGHTAT X Hc */
| pFitData->Wi+NUM FREQS][j] = (*CalcTable)[j][i].H.img *
| pFi t Dat a- >WEI GHT[ i ] ;

Unl ockResour ce( hMental cTabl e) ;
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khkkkkhkkkhkkhkkhkhkhkkhkkhkkkkx*k 1 khkkkkhkkkhkhkhkhkhkkhhkdhkhkhkhkhhkdhkdkhkhhhhhkdhhkkhkxkx
/ Miltiply WT X He /

[*xxxxxxxx di npnsi ons of PROD are [ NUM_FI LTERS X NUM FI LTERS] ****xxxxxxxxxxx/
for(i=0; i<NUMFILTERS; i++)
for(j=0; j<NUM FILTERS; j++)
{
| pFi t Dat a- >PROD[ i +1] [j +1] = 0. 0;
for(k=0; k<(2*NUM FREQS); k++)
| pFit Data- >PROD[ i +1][j +1] += | pFitData->WKk][i]*| pFitData->Hc[k][j];
/* PROD[1..n][1..n] */
}
[rrxkrxxkrrrxxrxrkxxxxx* Fnd the i nverse of the matrix PROD ******skxxxxxxx]

| udenp( | pFi t Dat a- >PROD,

NUM_FI LTERS,
| pFi t Dat a- >i ndx, Side); /* PROD is destroyed */
for(j=1; j<=NUM FILTERS; j++)

{
for(i=1; i<=NUM FILTERS; i++) |IpFitData->col[i] = 0.0;
| pFitData->col [j] = 1.0;
| ubksb( | pFi t Dat a- >PROD, NUM_FI LTERS, | pFit Data->i ndx, | pFitData->col);
for(i=1; i<=NUM FILTERS; i++) IpFitData->INV[i][j] = I pFitData->col[i];
/* INV[1..n][1..n] */

}

/******************* MJItl ply INV by '_k:I\T ************************************/

[xxxxxxxxx di pensi ons of TEMP are [ NUM FILTERS X 2*NUM FREQS] ****xxxxxxxxxxxx [
for(i=0; i<NUM FILTERS, i++)
for(j=0; j<(2*NUM FREQS); | ++)
{
| pFitData->TEMP[i][j] = 0.0;
for(k=0; k<NUM FI LTERS; k++)
| pFitData->TEMP[i][j] += | pFitData->I NV[i+1][k+1]*| pFitData->Hc[j][k];
| pFitData->TEMP[i][j] *= |pFitData->WEl GHT[j ¥NUM FREQS]; /* apply wei ghting
function */
}
Jrxrrxrxxkxxmxxrkxxmexrx END NON- | TERATI VE PART OF SI ML EQ ****#xkxxssxss

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

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

/********************* BEG N ITERATI VE eStI W&te Of phase ********************/

for(num ts=0; num ts<NUM | T_MAX; numi ts++)

{ /* begin big iteration |oop */
for(i=0; i<NUMFREQS; i++)
{
img = real = 0.;
for(j=0; j<NUM FILTERS; j++)
{1l =A x_w

real += pointer[j]*IpFitData->Hc[i][]];
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imag += pointer[j]*| pFitData->Hc[i +NUM FREQS][j];

}
b. phase[i] = atan2(inmag, real);
}
pointer = pointerl,;
poi nterl = pointer2; /* exchange pointers */

poi nter2 = pointer;

[ ***** Now have |ist of frequencies, desired magnitudes and estimated phases. */

[REXK KKK KRR KKKk kAR xhhkkx K = TEMP X D *¥**F ik hhhhkkkhhhh kX Xk hhk kXX hhk kX kK [

if(numts < EMPIRICAL) /* vascillation bug fix. */

total _| oad = cal cul ate_l oad(pointer, 0, pointer[0]);

for(i=0; i<NUMFILTERS; i++)

{
pointer[i] = 0.0;
for(k=0; k<NUM FREQS; k++) {

tenpest = Conpensate(total | oad, k, Side);

pointer[i] += (b.magtu[ k] * (| pFitData->TEMP[i][k]*cos(b. phase[Kk])
+ | pFi t Dat a- >TEMP[ i ] [ k+NUM_FREQS] *si n(b. phase[k])))

}

| tenpest;

[*xxxxxkxxxxx%% datermne if nore iterati ons are needed ****xxxkkkkkxkkkkkkxkkk k[

criterion_met = TRUE;
for(i=0; i<NUMFILTERS; i++)
if(pointer[i] !'= 0.0)
if(fabs((pointerl[i] - pointer2[i])/pointer[i]) > CRI TER ON)
{
criterion_met = FALSE;
br eak;
}

if(criterion_met) break;

i f (ESCPressed())

{
ret_val = CANCELED,

goto LBL_END;

} /* end iteration | oop */

[ Frxxxkkkxxxkkkxxxxkxx END | TERATI VE esti mate of phase KK Kk kK kK K Kk ok ok K K Xk k kK

IR R AR EREEEEEEREEEEEEEEE R EEEEEEEEEREE R EEEE R EE R EEE Ry
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/******************************************************************************/

[rrxxxxxxxxxxxx BEG N Bl POLAR COEFFI Cl ENT SATURATI ON PRQIECTI ON ***xxxxxxxxxxxx |
/* ARE ANY CCEFFI Cl ENTS EXCESSI VE */
for(i=0,k=0; i<NUMFILTERS; i++)
if(fabs(pointer[i]) > 1.0) {
K++;

br eak;

}

/* if no excessive coefficients, this entire procedure unnecessary. */
/****************** pgl49 ~k~k*~k~k***~k*~k~k*****~k~k***********************/
if(k & ! bUNI POLAR)

{
for(i=0; i<NUMFILTERS; i+4+)

{
if(pointer[i] == 0.0) pointer[i] = le-17,
poi nter_copy[i] = pointer[i];
}
#i f defi ned( DBOUT)
DebugQut (" pre-saturation-map bipolar coefs\r\n");
for(i=0; i<NUM FILTERS, i++)

{
DebugQut ("K[ %] ", i);
DebugQut (" = % f\r\n",pointer[i]);
}
#endi f
[rEEEE R KA R AR R A kAR Rk R * xRk * % BEG N SATURATI ON MAP | TERAT] QN * %% % % % %% % % %% 5 % % %% % |
whi | e( TRUE)
{

[ *xxxxxkxxxxxx%** find transl ation p0| nt q in A—Space LA R EEEEEEEEEEE LY

for(i=0; i<NUMFILTERS; i++)
[/ assunption: active basis vectors are nonZero
pointer_trans[i] = reduction(pointer[i]);
for(i=0; i<(2*NUM FREQS); i++)
{
projection[i] = 0.0;
for(j=0; j<NUM FILTERS; j++)
projection[i] += IpFitData->Hc[i][]j]*pointer_trans[j]; [/ g = A Xx_w

[*FHExxxxxHEERxx*x find moni mum angl e associ ated with excess-coef basis vectors ***/
mn_angle = 4.0*atan(1.0) + 1.0;
howrany_sats = 0;
for(i=0; i<NUM FILTERS, i++)
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if(fabs(pointer[i]) > 1.0)

{
howrany_sat s++;
[***xxxxx%%% cglculate angle of p with current basis vector ****/
basis_angle = 0.0;
tempd = 0.0;
tenpe = 0.0;
for(j=0; j<(2*NUM FREQS); | ++)
{
/1l WEIGHT[] = Strang’s H = Strang WW
tenpd += sqr(lpFitData->Hc[j][i])*I pFit Data->WEl GHT[ j Y0NUM FREQS] ;
tenpe += sqr(projection[j])*| pFitData->WEl GHT[ ] ¥NUM FREQS] ;
basis_angle += | pFitData->Hc[j][i]*
projection[j]*
| pFi t Dat a- >WEI GHT[ j %NUM _FREQS] ;
}
basi s_angl e = acos((signum(pointer[i])*basis_angle)/sqrt(tenmpd*tenpe));
i f(basis_angle < mn_angle)
{
m n_angl e = basis_angl e;
elimnated_vector =i;
}
}

i f(!howrany_sats) break; /* out of while(1l) */

#i f defi ned( DBOUT)

DebugQut ("mn angle = % f\r\n", mn_angle);

DebugQut ("reduced vector = %\r\n", elimnated_vector);

#endi f

[*rxxxxxxxix roduce basi s M COEF RGNt U@ *** %% %k %k %kt xkx kot xkx sk xkxkkx k% [
poi nter_copy[elimnated_vector] = pointer[elimnnated_vector];

pointer[elimnated_vector] = reduction(pointer[elimnated_vector]);

[FEFFxxxAEER XX X% find reduced- coef projection point p  in A space

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

for(i=0; i<(2*NUM FREQS); i++)

{
projection[i] = 0.0;
for(j=0; j<NUM FILTERS; j++)
projection[i] += IpFitData->Hc[i][j]*pointer[j]l; [/ p = AX_w
}

[ **xxxxx%x*xxx*x raduce di nensi on of space LR AR EEREEEEEEREEEEEEREEEEEEEEE LY

pointer[elimnated_vector] = 0.0;

14



/************ determ ne d| rrens'on Of reduced SpaCe *********************/
di nension = 0;
for(i=0; i<NUM FILTERS, i++)
if(pointer[i] != 0.0)

basi s[ di mensi on++] = i; /* list of active basis vectors */

Jrxxkrxrkrrxrkrxrirr formreduced B MALTiX From A MAtrix *****tsksstshrsskrrts )
for(i=0; i<NUM FREQS; i++)
for(j=0; j<dinension; j++)
{
| pFitData->HcPj x[i][j] = | pFitData->Hc[i][basis[j]];
| pFi t Dat a- >HcPj x[ i +NUM FREQS] [j] = | pFi t Dat a- >Hc[ i +NUM_FREQS] [ basi s[j1];
IpFitData->Wi][j] = | pFitData->Hc[i][basis[j]]*|pFitData->WEl GHT[i];
| pFitData->Wi +NUM FREQS] [j] = | pFitData->Hc[i +NUM _FREQS] [ basi s[j]]*! pFi t Dat a- >WEI GHT[ i ] ;
}

for(i=0; i<dinension; i++)
for(j=0; j<dinmension; j++)
{
| pFit Data->PRODi +1][j +1] = 0.0;
for(k=0; k<(2*NUM FREQS); k++)
/* PROD[1..n][1..n] */
| pFi t Data- >PROD[ i +1] [j +1] += | pFitData->Wk][i]*| pFi tData->HcPj x[ k] [j];

| udcnp( | pFi t Dat a- >PROD, di nensi on, | pFit Dat a->i ndx, Si de);
for(j=1; j<=dinmension; j++)
{
for(i=1; i<=dinension; i++) |pFitData->col[i] = 0.0;
| pFitData->col [j] = 1.0;
/* INV[1..n][2..n] */
| ubksb( | pFi t Dat a- >PROD, di nmensi on, | pFitData->i ndx, | pFitData->col);
for(i=1; i<=dinension; i++) IpFitData->INV[i][j] = I pFitData->col[i];
}

for(i=0; i<dinmension; i++)
for(j=0; j<(2*NUM FREQS); | ++)
{
| pFitData->TEMP[i][j] = 0.0;
for(k=0; k<dinension; k++)
| pFitData->TEMP[i][j] += | pFitData->I NV[i+1][k+1]*| pFitData->HcPjx[j][K];
| pFit Data- >TEMP[i ][j] *= | pFit Dat a- >WEl GHT[ j %\\UM_FREQS] ;
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[*xxxxxxxxxxxxxxxx calcul ate reduced space COEffiCients ****xxxxxxxxxxxxxx]
for(i=0; i<dinension; i++)
{
poi nter[basis[i]] = 0.0;
for(k=0; k<(2*NUM FREQS); k++)
pointer[basis[i]] += | pFitData->TEMP[i][k]*projection[k];

i f (ESCPressed())
{
ret _val = CANCELED;
goto LBL_END;

}

} /** end whil e(TRUE) **/
[rAEEE KRR A KRR AR KR AR KR kR R x4 % END SATURATI ON MAP | TERAT] ON *** %% 4%k kkkk k k% %% %/
for(i=0; i<NUMFILTERS; i++)
if(pointer[i] == 0.0)
pointer[i] = signun{pointer_copy[i]);
} /* end if-excessive coefficients */
[FEFxxxxAERX R kX END Bl POLAR COEFFI Cl ENT SATURATI ON PROIECTI QN ** % * %%k kkksk sk ok ok ok x |

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

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

/************** BEG N 1st QJADRA'\”’ SATURATI O\I PRO]EC‘I’I O\I *********************/
/* ARE ANY COEFFI Cl ENTS NEGATI VE or PCSI TI VE EXCESSI VE */
for(i=0,k=0; i<NUM FILTERS; i++)
if((pointer[i] < 0.0) || (pointer[i] > 1.0))

{

K++;

br eak;

}
/* if no negative or excessive coefs, this entire procedure unnecessary. */
/****************** pgl47 ******************************************/

i f (bUNI POLAR && k)

{
for(i=0; i<NUMFILTERS; i++)

{
if(pointer[i] == 0.0) pointer[i] = le-17,
pointer_copy[i] = pointer[i];
}
#i f defi ned( DBOUT)
DebugQut (" bi pol ar coefficients\r\n");
for(i=0; i<NUM FILTERS, i++)
{
DebugQut ("K[ %d] ", i);
DebugQut (" = % f\r\n",pointer[i]);
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}
#endi f
[rrEkEE AR KRR KRR AR KRR kR *** k% %% BEG N UNI POLAR CASE | TERAT] ON ***** %%k k% k% k%% %% % |
nunmts = 0;
whi | e( bUNI POLAR)
{
[*xxxxxxxxxcxcxxx find proj ecti on PoiNt P N A SPACE **FFEXEXHXHELHE KRR AR |
for(i=0; i<(2*NUM FREQS); i++)
{
projection[i] = 0.0;
for(j=0; j<NUMFILTERS; j++)
projection[i] += |IpFitData->Hc[i][j]*pointer[j]; [/ =A x_w
}

/**************** flnd translatlon pOI nt q In A-SpaCe *********************/

for(i=0; i<NUM FILTERS, i++)
[/ assunption: active basis vectors are nonZero
pointer_trans[i] = reduction(pointer[i]);
for(i=0; i<(2*NUM FREQS); i++)
{
projection_trans[i] = 0.0;
for(j=0; j<NUM FILTERS, j++)

projection_trans[i] += IpFitData->Hc[i][j]*pointer_trans[j]; // g = AX_w

[*FEFxxxxAAFX*x% find moni mum angl e associated with basis vectors ***/
mn_angle = 4. 0*atan(1.0) + 1.0;
howrany_negs = 0;
for(i=0; i<NUMFILTERS, i++)
if((pointer[i] < 0.0) || (pointer[i] > 1.0))
{
howrany_negs++;
[ ***xxxx%x%% cglculate angle of p with current basis vector ****/
basis_angle = 0.0;

tempd = 0.0;

tenpe = 0.0;

for(j=0; j<(2*NUM FREQS); | ++)
{

if(pointer[i] < 0.0)
{
/1 WEICGHT[] = Strang’s H = Strang WW
tempd += sqr(lpFitData->Hc[j][i])*I| pFitDat a- >WEl GHT[ j Y0NUM_FREQS] ;
tenmpe += sqr(projection[j])*| pFitData->WEl GHT[ ] ¥NUM_FREQS] ;
basis_angle += I pFitData->Hc[j][i]*
projection[j]*
| pFi t Dat a- >WEI GHT[ j YANUM FREQS] ;
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}

el se
{
tempd += sqr(lpFitData->Hc[j][i])*| pFitData->WEl GHT[ j YNUM_FREQS] ;
tenpe += sqr(projection_trans[j])*I pFit Data->WEl GHT[ j ¥0NUM FREQS] ;
basis_angle += | pFitData->Hc[j][i]*
projection_trans[j]*
| pFi t Dat a- >WEI GHT[ j %UM_FREQS] ;

/* sighum() not required */
basi s_angl e = acos(basi s_angl e/ sqrt(tenmpd*tenpe));
if(pointer[i] < 0.0)
basis_angle = 4.0*atan(1.0) - basis_angle;
i f(basis_angle < mn_angle)
{
m n_angl e = basis_angl e;

elimnated_vector =i;

}
i f (! howrany_negs) break; /* out of while(bUN POLAR) */

#i f defi ned( DBCOUT)

DebugQut ("mn angle = % f\r\n", mn_angle);

DebugQut ("el i mvector = %\r\n", elimnated_vector);

#endi f

/*********** reduce basi S_m Coef rragnitude *******************************/

poi nter_copy[elimnated_vector] = pointer[elimnnated_vector];

[ xHrxxxxxxkxxxxxkx find reduced-coef projection point p°  in A-space

*********************/
i f(pointer_copy[elimnnated_vector] > 1.0)

{
pointer[elimnated_vector] = reduction(pointer[elinnated_vector]);
for(i=0; i<(2*NUM FREQS); i++)
{
projection[i] = 0.0;
for(j=0; j<NUMFILTERS; j++)
projection[i] += |pFitData->Hc[i][j]*pointer[j]; [/ p = A x_

[ **xxxxx%x*xxx*x raduce di nensi on of space LR AR EEREEEEEEREEEEEEREEEEEEEEE LY

pointer[elimnated_vector] = 0.0;

[ *xxxxxxxxxx* daterm ne di mensi on of reduced space LA R EEEEEEEEEEE LY
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di mensi on = O;
for(i=0; i<NUMFILTERS; i++)
if(pointer[i] !'= 0.0)

basi s[ di mensi on++] = i; /* list of active basis vectors */

[rxxxrxrerrxrrrxtxxr formreduced B MALTi X FrOm A MBLTi x *X***tkxsstkkssstrxtx
for(i=0; i<NUMFREQS; i++)
for(j=0; j<dinension; j++)
{
| pFitData->HcPj x[i][j] = | pFitData->Hc[i][basis[j]];
| pFi t Dat a- >HcPj x[ i +NUM_FREQS] [j] = | pFit Data->Hc[i +NUM FREQS] [ basi s[j]];
IpFitData->Wi][j] = | pFitData->Hc[i][basis[j]]*| pFitData->WEl GHT[i];
| pFitData->Wi +NUM FREQS] [j] = | pFitData->Hc[i +NUM FREQS] [ basi s[j]]*| pFi t Dat a- >WEI GHT[i ] ;
}

for(i=0; i<dinension; i++)
for(j=0; j<dinension; j++)
{
| pFit Data->PRODi +1] [j +1] = 0.0;
for(k=0; k<(2*NUM FREQS); k++)
/* PROD[1..n][1..n] */
| pFi t Dat a->PROD[ i +1] [j +1] += | pFitData->Wk][i]*| pFitData->HcPj x[k][]j];

| udcnp( | pFi t Dat a- >PROD, di nensi on, | pFitData->i ndx, Si de);
for(j=1; j<=dinension; j++)
{
for(i=1; i<=dinension; i++) |pFitData->col[i] = 0.0;
| pFitData->col[j] = 1.0;
/* INV[1..n][L..n] */
| ubksb( | pFi t Dat a- >PROD, di nensi on, | pFitData->i ndx, |pFitData->col);
for(i=1; i<=dinension; i++) IpFitData->INV[i][j] = |pFitData->col[i];
}

for(i=0; i<dinension; i++)
for(j=0; j<(2*NUM FREQS); | ++)
{
| pFitData->TEMP[i][j] = 0.0;
for(k=0; k<dinension; k++)
| pFitData->TEMP[i][j] += | pFitData->I NV[i+1][k+1]*| pFitData->HcPjx[j][Kk];
| pFitData->TEMP[i][j] *= | pFit Data->WEl GHT[ j 9NUM_FREQS] ;

[ *xxxxkkkxxxxkkx*x*x*x cgl cul ate reduced space coefficients ***x**kkkxkkhkkkxxk|
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for(i=0; i<dinension; i++)

{
poi nter[basis[i]] = 0.0;
for(k=0; k<(2*NUM FREQS); k++)
pointer[basis[i]] += | pFitData->TEMP[i][k]*projection[k];
}

i f (ESCPressed())
{
ret _val = CANCELED;
goto LBL_END;
}

#if defi ned( DBOUT)
DebugQut (" UNI POLAR coefficients. %\ r\n", num ts++);
for(i=0; i<NUM FILTERS; i++)
{
DebugQut ("K[ %] ", i) ;
DebugQut (" = % f\r\n",pointer[i]);
}
#endi f
} /** end whil e(bUNI POLAR) **/
[HEEEE K KRR KK R AR KRR KRR R Ak * R 4% END UN| POLAR CASE | TERAT] ON * %% %% % %% k% 4%k % % %% % |
for(i=0; i<NUM FILTERS, i++)
if(pointer[i] == 0.0)

i f(pointer_copy[i] <= 0.0);
else if(pointer_copy[i] > 1.0) pointer[i] = 1.0;
}
} /* end if bUNI POCLAR */
[*rxxsxxxxsxrkx END 15t QUADRANT SATURATI ON PROJECTI ON %% % % % % k% 4 % k% Kk % K 4 %X K4 % |

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

#if defi ned( DBOUT)
DebugQut ("\r\ nNunber of PhiLS iterations = %l\r\n", numts+1);
error = 0.0;
total _| oad = cal cul ate_| oad(pointer, 0, pointer[0]);
for(i=0; i<NUMFREQS; i++)
{
imag = real = 0.;
for(j=0; j<NUM FILTERS, j++)
{
real += pointer[j]*IpFitData->Hc[i][]];
imag += pointer[j]*|pFitData->Hc[i +NUM FREQS][j];
}
tenpest = Conpensate(total _|oad, i, Side);

tempe = b.magtu[i] - tenpest*sqrt(real *real +i nag*i mag) ;
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error += fabs(tenpe)*|pFitData->WelGHT[i]; [/ OK
}
DebugQut ("Post Cipping coefficients.\r\n");
for(i=0; i<NUM FILTERS, i++)

{
DebugQut ("K[ %] ", i);
DebugQut (" = % f\r\n",pointer[i]);
}
if (bUNIPOLAR) DebugQut ("UN POLAR + ");
el se DebugCut ("Bl POLAR + ");
DebugQut ("Phi LS + clip error = %6lf\r\n", error);
#endi f

/******************************* END P'_'ASE LEAST SQJARES **********************/

AR R R EEEEEEEEREEEEEEEEEEEEEEEEEEEEEEEREEEREEEEEEEEEEEEEEEEEEEEEEEEEEY]

khkkkhkhkhkkhhkhhhhhkhhhhhhhhkhkk khkkhkhkhkhkhhkhhkhhhhhhhkhhhhhhhhkhdhkxk
/ FATT | TERATI ON /

/* if were not already on the largest FATT */
if (FATTIndex < MAX_FATT_| NDEX)
{
/* find max magni tude */
max_magtu = 0. 0;
for (i=0; i<NUM FILTERS, i++)
{

max_magtu = fmax(fabs(pointer[i]), max_nmagtu);

/* find the difference between the current FATT and the next */
fatt_diff = GetFattGai n(FATTI ndex + 1, bRosco[ Side]) -
Get Fat t Gai n( FATTI ndex, bRosco[ Si de] ) ;

#if defi ned( DBOUT)

DebugQut ("max_magtu in dB % ", 20. * |0gl0O(nax_magtu));
DebugQut ("fatt_diff 9%g\r\n",fatt_diff);

#endi f

/1 I* if there is roomfor the next FATT get out and redo */

11 if ((fabs(fatt_diff) * FATT_THRESHHOLD) < fabs(20. * |o0gl0(max_nagtu)))
/1 {
/1 ret _val = | NCREMENT_FATT;
11 goto LBL_END;
/1 }
}

[REx KK KKKk xxkkkkkxxkkkx END FATT | TERATI QN *****kkkkkkkkkkkkkkkkkkxkkkkkk kx|

IEEEEEE R EEE SRR RS EREEEEEEEEEEEEEREEEEEERE R EEEE R R R R EEELY]
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/************************ BEG N PERTURBATI O\I AI\IALYSI S *************************/
/************** quant'ze COGfS and flnd total Ioad ****************************/
for(i=0; i<NUMFILTERS; i++)
pointer[i] = quantize(pointer[i]);

total _| oad = cal cul ate_l oad(pointer, 0, pointer[0]);

#i f defi ned( DBOUT)
DebugQut ("total |oading at outset is %l\r\n", total _|oad);
#endi f

[FrxFxAxAFHIHIHF*E cal culate error due to quantization and |oading **x*x*x*xx/
error = 0.0;
for(i=0; i<NUMFREQS; i++)

{
img = real =0.;
for(j=0; j<NUM FILTERS; j++)
{
real += pointer[j]*IpFitData->Hc[i][]];
imag += pointer[j]*|pFitData->Hc[i +NUM FREQS][j];
}

tenpest = Conpensate(total _|oad, i, Side);
tempe = b.magtu[i] - tenpest*sqrt(real *real +i nag*i mag) ;
error += fabs(tenpe)*| pFitData->WEl GHT[i];

}

current_err = error;

old_err =0.;

#if defi ned( DBOUT)
for(i=0; i<NUMFILTERS; i++)

{
DebugQut (" K[ %] ", i) ;
DebugQut (" = % f\r\n",pointer[i]);
}
DebugQut (" Quanti zation error = %6lf\r\n", error);
#endi f

numts = O;
whi |l e(fabs(current_err - old_err) > CRITERI ON)
{
i f (ESCPressed())
{
ret _val = CANCELED;
goto LBL_END;

old_err = current_err;
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#i f defi ned( DBOUT)
DebugQut ("%\r\n", nunits);
#endi f

/1 for(k=NUM FI LTERS-1; k>=0; k--) //top down
for (k=0; k<NUM_FI LTERS; k++) //bottom up
{
error = 0.0;
/* UPWARD */
for(i=0; i<NUMFREQS; i++)
{
img = real = 0.;
for(j=0; j<NUMFILTERS; j++)
{
tempd = pointer[j];
if(j ==k)
{
tempd += perturbation(tenpd, UP);
tenmpd = saturate(tenpd);
/*total | oad = cal cul ate_| oad(pointer, k, tenpd);*/
tempp = tenpd;
}
real += tenpd*lpFitData->Hc[i][]];
img += tenpd*| pFitData->Hc[i +NUM FREQS] []j];
}
tenpest = Conpensate(total _|oad, i, Side);
tempe = b.magtu[i] - tenpest*sqrt(real *real +i nag*i mag) ;
error += fabs(tenpe)*| pFitData->WEl GHT[i];
}
if(error < current_err)
{
#i f defi ned( DBOUT)
DebugQut ("%t h upward perturbation error =", Kk);
DebugQut ("% 6l f\r\n",error);
#endi f

current_err = error;
pointer[k] = tenpp;

}

el se

{
error = 0.0;

/* DONMARD */

for(i=0; i<NUM FREQS; i++)
{
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img = real = 0.;

for(j=0; j<NUMFILTERS, j++)

{
tenpd = pointer[j];
if(j == k)
{
tempd -= perturbation(tenpd, DOM);
tenmpd = saturate(tenpd);
/*total | oad = cal cul ate_| oad(pointer, k, tenpd);*/
tenpp = tenpd,
}
real += tenpd*lpFitData->Hc[i][]];
img += tenpd*| pFitData->Hc[i +NUM FREQS] []j];
}

tenpest = Conpensate(total _|oad, i, Side);
tenpe = b.magtul[i] - tenpest*sqrt(real *real +i nag*i nag) ;
error += fabs(tenpe)*| pFitData->WEl GHT[i];
}
if(error < current_err)
{
#if defi ned( DBOUT)
DebugCut ("%t h downward perturbation error =", k);
DebugQut ("% 6l f\r\n",error);
#endi f
current_err = error;

pointer[k] = tenpp;

}
/* end down else */
} /* end once around k coefs */
if(++numts >= NUM I T_MAX) break; /* timeout */
} /* end while */
[****xxx and di mnishing returns *****xx/
#if defi ned( DBOUT)
DebugQut ("\r\ nNunber of PERTURBATION iterations = %\r\n", numts);
#endi f

JRAR R R KRR KA ARk R ARk kA k FATT | TERATI ON %% %4k %k dkkkk ko kkkkkkk Ak k kA Ak h kA% |
/* if were not already on the |l argest FATT */
if (!bJONSW TCH)
if (FATTIndex < MAX_FATT_I NDEX)
{
/* find max magni tude */
max_magtu = 0. 0;
for (i=0; i<NUM FILTERS; i++)
{
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max_magtu = fmax(fabs(pointer[i]), max_magtu);

/* find the difference between the current FATT and the next */
fatt_diff = GetFattGai n(FATTI ndex + 1, bRosco[ Side]) -
Get Fat t Gai n( FATTI ndex, bRosco[ Si de] ) ;

#i f defi ned( DBOUT)

DebugQut ("max_magtu in dB % ",20. * |0gl0(nax_magtu));
DebugQut ("fatt_diff 9g\r\n",fatt_diff);

#endi f

/* if there is roomfor the next FATT get out and redo */
if ((fabs(fatt_diff) * FATT_THRESHHOLD) < fabs(20. * |o0gl0(max_nagtu)))

{
ret _val = | NCREMENT_FATT;
goto LBL_END;

}

/********************** END FATT ITERATI O\I *********************************/

for(i=0; i<NUMFILTERS; i++)
{

fitval[i] = pointer[i];

#if defi ned( DBOUT)

DebugQut ("K[ %d] =",i);
DebugQut ("% f\r\n", pointer[i]);
#endi f

}

#i f defi ned( DBOUT)

error = 0.0;

total _| oad = cal cul ate_| oad(pointer, 0, pointer[0]);
DebugQut ("final loading is %\r\n", total _| oad);

for(i=0; i<NUM FREQS; i++)
{
img = real = 0.;
for(j=0; j<NUMFILTERS; j++)
{
real += pointer[j]*IpFitData->Hc[i][]];
imag += pointer[j]*| pFitData->Hc[i +NUM FREQS] [j];
}
tenpest = Conpensate(total _|oad, i, Side);

tenpe = b.nmagtu[i] - tenpest*sqrt(real *real +i nag*i nag);
error += fabs(tenpe)*| pFitData->WEl GHT[i];
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DebugCut ("freq % f ", pMitData->Freqgs[i]);
DebugQut ("tenpest %f ", tenpest);
DebugQut ("ETarg % f ", 20.*10gl10(b. magtu[i]/tenpest) + 70.);
DebugCQut ("EFit 9% f\r\n", 10. *I og10(real *real +i nag*i nag) + 70.);
}
DebugQut ("after-perturbation error = %6lf\r\n", error);
#endi f
[rAEEE KKK KKK KRR KK KRR KRRk * %% END PERTURBATI ON ANALYSI S *** %% %%k kx4 %k k% %% % |

IEEEEEA R ERE SRR EEEEE SRR EEEE R EREEE R EERE R EEE R R R Ry

LBL_END:
Local Unl ock( hMFi t Dat a) ;

d obal Unl ock(hFi t Dat a) ;
d obal Free(hFit Dat a);

/* ANSWER i s fitval [ NUM FI LTERS] */

return(ret_val);

/********************************* SUBROJTI NES ********************************/

IR R EE AR EEEEEEEREEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY]

/ *doubl e quanti ze(doubl e argum

{
short quan;
int |oad;

doubl e sign, gain;

gain = 1./ DECI MOUS;

sign = -1.;

| oad = 0;

quan = Magni tude2Filter Setting(argun;

i f(quan & SI GNUM

{
sign = 1.0;
quan ~= S| GNUM
}
if(quan & Gb)
{
gain = 1.0;
load = 1;
quan "= Gb;
}
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return((sign*gai n*quan)/ Bl NARI QUS) ;
}
*/
doubl e quanti ze(doubl e argum
{
short quan;

doubl e gain, signum();

1./ DECI MOUS;
quan = Magni tude2FilterSetting(argun;

gain

i f(abs(quan) & Gb)
{
gain = 1.0;

quan = (short)signum((doubl e)quan) * (abs(quan) " Gb);

return((gai n*quan)/ Bl NARI QUS) ;

/* assunption is that quantity is previously quantized */
doubl e perturbation(double quantity, int direction)
{
if( '((!'(direction == UP) && (quantity >= 0.0))
|| ((direction == UP) && !(quantity >= 0.0))) )

i f(fabs(quantity) < (BINARI QUS - 0.5)/(DECI MOUS* Bl NARI QUS) )
return(1./(DECI MOUS*BI NARI QUS) ) ;
i f(fabs(quantity) > (BI NARIQUS + 0.5)/( DECI MOUS* Bl NARI QUS) )
return(1./BlI NARI QUS);
ret urn( Fl RST_OVERLAP/ (doubl e) Bl NARI QUS - 1./ DECI MOUS);
}
el se
{
i f(fabs(quantity) < (BINARIOQUS + 0.5)/( DECI MOUS* Bl NARI OUS) )
return(1./(DECI MOUS* Bl NARI QUS) ) ;
if(fabs(quantity) < (FI RST_OVERLAP + 0.5)/BI NARI QUS)
ret ur n( FI RST_OVERLAP/ (doubl e) Bl NARI QUS - 1./ DECI MOUS);
return(1./BlI NARI QUS);

doubl e saturat e(doubl e ragu)

27



if(ragu > 1.0) return(1.0);
i f(bUNI POLAR && (ragu < 0.0))
if(ragu < -1.0) return(-1.0);

return(ragu);

doubl e reduction(doubl e redu)
/* used in saturation mapping */

{
if(redu == 0.0) return(redu);

return(0.0);

if(redu > 0.0) return(redu - 1.0);

return(redu + 1.0);

doubl e si gnunm(doubl e argu)

{
if(argu == 0.0) return(0.0);
if(argu > 0.0) return(1.0);
return(-1.0);
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