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Chapter 1

Introduction

Fawav is designed as an aid to signal processing of 1D signals¢edlyeaudio) and 2D signals (especially images). |
originally designed EwaAv as a teaching aid for my courses on Digital Signal ProcessidgDigital Image Processing,
and as a tool for my own research. But, | felt that it was goazligh to make available as free software for others to use.
| am pleased that other researchers at institutions such@sBérkeley, the University of Barcelona, the University o
North Dakota, and Washington University-St. Louis, havelenase of BwAv . If you have any questions aboutwav
please contact me at the email address given on the title @age you have used &wAv in your own research | would
love to hear about that (I always enjoy receiving preprimis papers).

1.1 Components of BwAv

FAwAV has several major components. These components (listdek&ild menu, see Figure 1.1) are
1. New 1Dim Choose this item for processing 1D signals. See Chapter 2bh p
2. New 2Dim Choose this item for processing 2D signals. See Chapter 558 p

3. New Audio editor Choose this item for loading audio signals and selectingjgrts to process. See Chapter 6
on p. 85.

4. New Image ProcessorChoose this item for loading gray-scale images for variouege processing operations,
such as compression and denoising. See Chapter 7 on p. 89.

In addition to these main items, there also several chomegfening various types of files. These latter choices will
be discussed in the chapters that follow, as they are bestrstodd in the context of the various processing windows
that open up to handle these various types of files.
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= EAWRY™== K" Faurier Wavelet Analyzer

N Edit View Graph Series Tramsform Convolve Analysis  Help

Hleui 2 Dim
New Audio editor
New Image processor

Open Farm

Open sound file {* wav)
Open 10 data File
Openimage file

Open 20 data file

Exit

Figure 1.1
Initial menu of F AWAV .



Chapter 2

Processing 1D Signals (1D-form)

To work with 1D signals, click on thEile menu, and then selebtew 1 Dim.The window shown in Figure 2.1 appears.

A description of each of the 9 menu items will be given at the efithis section (see Section 2.11 on p. 33). But first
we describe how to use this form for basic signal processiig procedures that are available for working with 1D
signals include the following:

1. Graphing formulas and external datsou can plot graphs of elementary functions studied in aigebhd calculus
(see Section 2.1 on p. 12.) Or, you can load external dataSseton 2.1.12 on p. 19). Or, you can load audio

| [~I"FAWAY --- A Fourier Wavelet Analyzer

File Edit Mew Graph  Series Transforms  Convolve  Analvsis Help

|IE| 1DGraph 1

Figure 2.1
The window that opens whenNew 1D-form is selected. (Graph area displayed with white background to save ink

11
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files (see Section 2.1.11 on p. 19).

. Wavelet transformsThese are the Haar, DaubJ, Coifl transforms, and biorthalgeavelet transforms, described

in A Primer on Wavelets and their Scientific ApplicatioBge Section 2.2 on p. 21.

. Wavelet seriesThese are the Haar, DaubJ, Coifl series, and a selectiomhbgonal wavelets series, described

in A Primer on Wavelets and their Scientific Applicati@msl itsExamples & Exercisesianual. See Section 2.3
onp. 21.

. Fourier series and transformghese are the classic Fourier series and transforms impteghesing FFTs. See

Section 2.6 on p. 23.

. Audio. The 1D signals can be played over your computer’s soundrayskais is especially helpful for judging

the effectiveness of compression and noise removal. Sé®&ed on p. 31 for a discussion of the simpladio
Editor that is part of Bwav, and Section 2.1.11 on p. 19 for instructions on how to loatiafiles for signal
processing.

. Convolutions and Correlationg.here are procedures for calculating the convolution ofsigmals, for calculat-

ing the correlation between two signals, and for calcu¢atin auto-correlation of one signal. See Section 2.9 on
p. 31.

. Scalograms and spectrogram$wo advanced methods for creating time-frequency postiaitlD signals are

scalograms and spectrograms. See Section 2.10 on p. 33.

There are also a number of routines for numerical analysio$ignals, these are grouped underAmalysischoice
on the menu (see Section 2.11.8 on p. 36).

2.1 Graphing formulas and external data

Data can be plotted in the 1D-form in one of three ways: (1jtiplg an elementary formula from algebra or calculus,
(2) loading a sound file, (3) loading an external data file. \&&ctibe each of these methods in order.

2.1.1 Plotting a formula

To plot an elementary formula you seléataph, followed by Plot from the menu. A dialog box opens up on the right
of the window, with a text box at the top for entering your falm To graph a formula over an interval, perform the
following steps:

1. Enter a formula in the text box at the top of the dialog boke Bimplest way to begin graphing formulas is to

use the kind that graphing calculators use. For exampldptlmsving two formulas:
3 + 7
4sin(3pi x-2) - 5cos(4pi x-5)

are both valid formulas in&/&wvav . The second formula uses the expresgibrior the constant. For many more
examples, see Section 2.1.2 on p. 13 below.

. Select aninterval type by selecting the optiofL, L] or the option[0, L].
. Specify the value of. to be used for the interval endpoint(s). For example, if ypecfy that, = 2 and you

selected the optiop-L, L] then the interval used for graphing will he2, 2]. Or, if you selected [0,L] then the
interval will be [0,2].

. Click on the command button label&lot. Assuming all the data are correctly specified, this will prog a

graph in the graph area on the left of the window.
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Formula command buttons There are five command buttons at the bottom of the formutebt@x Here are descrip-
tions of each of these command buttons.

Previous If you have graphed more than one formula, then by clickinghismbutton you can recall previously
entered formulas.

Next formula If you have clicked on th@reviousbutton one or more times, then you can go forward in the list
of formulas by clicking on this button. If you have not clickthe Previousbutton, then clicking this button will
clear the text box completely and you can enter a new formula.

Load Click on this button in order to retrieve a formula that yoeyously saved.
Save Click on this button in order to save the formula that is pnélyadisplayed in the text box.

Help Click on this button in order to get help on creating formulas

2.1.2 Formulas for 1-dimensional graphs

Formulas for graphing are constructed using pre-definedtifums, as well as various logical operations, or sums, or
products. In Sections 2.1.3 through 2.1.10 we discuss #leobperations that can be employed in graphing formulas.

2.1.3 Functions supported

There are a number of pre-defined functions. We list them ine@o categories: (1) thelementary functionsf the
kind encountered in calculus, and (2) certgiecial function®f a miscellaneous nature.

Elementary functions
Fawav employsl1 elementary functions, which we now list.

1. abs The absolute value functioaps( ) , returns the absolute value of its argument, elgs(—5) = 5 and
abs(5) = 5.

2. cos The cosine function is invoked usimgs( ) . For example,
c0s(3x)
cos(x’2 - 3) + 6x - 3

are both valid formulas involving the cosine function.

3. cosh  The hyperbolic cosine functionpsh( ) , returns the hyperbolic cosine of its arguments. By definiti
cosh(x) satisfies

cosh(x) = [exp(x) + exp(-x)]/2

whereexp is the exponential function.

4. exp The exponential functioexp( ) is the standard, bagse exponential function. For example,
exp(4x)
e"(4x)

are two equivalent expressions using the exponential fumct
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5. gri  The greatest integer functigri( ) is defined as follows:

gri(x) = largest integer that is <X
Or, an equivalent definition is
gri(xX) = closest integer to the left of x on the number line

The greatest integer function can be used to compute reeraiimdlong division (also called Mod functions) and
to compute periodic functions.

Mod functions.To compute the remainder &f divided by@, whereP and( are positive integers anéd >
@, you can use the greatest integer function in the followiryvWRemainder(P/Q) = P — Q gri(P/Q).
The remainder of?/Q is often denoted® mod Q. HenceP mod @ = P — Q gri(P/Q).

Periodic functions. The functiongri( )  can be used to create periodic functions. For example, the
following formula

u"2\u=x-wgri(x/w)

defines a periodic extensionof having periods, wherex? is periodically extended from the initial interval
[0,w]. This formula usesubstitutiondfor the variabless andu; see Section 2.1.10 on p. 18 for further
discussion of substitution. As a second example, the fatigormula

cos(pi t)\t=u-w/2\u=v-wgri(v/w)\v=x+w/2

defines a periodic extension efs(7x) having periods, wherecos(7x) is periodically extended from the
initial interval [-w/2, w/2].

6. log  The natural logarithm function is defined lmg( ) . You can also uskn( ) .

7. sgn  The sign functionsgn( ) , is defined by

1 ifx >0
sgn(x) =<0 ifx =0
-1 ifx <0

You can also ussign( ) for the sign function.

One important use of the sign function is in defining the odemsion of a function. For example, suppose you
graph the function

cos(x) + 3
over the interval0, 4]. Then graph
sign(x)(cos(abs(x)) + 3)

over[—4, 4]. This second function is the odd extension of the first fuorcti

8. sin  The sine function is invoked usirgin( ) . For example,

sin(3x)

sin(bx - 6) + x - 2
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10.

11.

are both valid formulas involving the sine function.

. sinh  The hyperbolic sine functiorsinh( ) , returns the hyperbolic sine of its arguments. By definition

sinh(x)  satisfies
sinh(x) = [exp(X) - exp(-x)}/2.
sqgr  The positive square root functiosqr( ) , computes the positive square root of its argument. For exam

ple,sqr(4) = 2 andsqr(9) = 3 . Alsosqr(0) = 0 . The square roots of negative numbers are not real,
so in Fawav applying thesgr function to a negative number produces an error message.

tan  The tangent function is invoked usitgn( ) . For example,
tan(3x)
tan(5x - 6) + x - 2

are both valid formulas involving the tangent function.

Special functions

Fawav employs7 special functions, which we shall now describe.

1.

bell  The functionbell( ) is defined as follows. Ifx| > 0.75, thenbell(x) = 0 . If |x| < 0.25, then
bell(x) = 1 . Finally, if 0.25 < |x| < 0.75, thenbell(-x) = bell(x) (that is, the bell function is
even), and we have fér25 < x < 0.75, thatbell(x) is defined by

bell(x) = sin(aw)sin(aw)\a=0.5pi\w=sin(av)sin(av)
\v=sin(au)sin(au)\u=1.5 - 2x

Here are 4 examples that use thell  function.

(a) Graph the functiorbell(x) over the interval—4,4]. Use Analysis/Trace(see p. 38) to check that
bell(x) = 1 ,for|x| <0.25andbell(x) = 0 ,for|x| > 0.75.

(b) Graph the functiomell(x/4) over the interval—4, 4]. UseAnalysis/Traceo check that this function
equalsl over[—1, 1] and equal® for |x| > 3.

(c) Graph the functiorsumk(bell(x-k))\k=-3,3 over the interval [-4,4]. (This formula uses a sum
command, see Section 2.1.6 on p. 17 for further discussidse)Analysis/Tracdo check that this function
equalsl over the interval—3.25, 3.25] and equal$ for |x| > 3.75.

(d) Graph the functiorsumk(bell(x-k))sin(pi x)\k=-5,5 over the interval—8,8]. Then graph
sin(pi x) over the same interval to check that the first function eqgsiai x) over the interval
[—5.25,5.25] and equal$ for |x| > 5.75.

. del  The discrete delta functiodel( ) ,is defined as follows

0 iflx] >0
del (x):{1 ilezo

In other wordsdel(x) isQifx < 0 orx > 0, anddel(0) equals 1.

. fac  The factorial functionfac( ) , returns the factorial of a non-negative integer betw@emd 70. For

examplefac(5) = 120 . If the argument ofac( ) is not an integer, then an error message is returned. A
formula such as
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sumk(x’k / fac(k)) \k = 0, 8

is allowed, and returns a partial sum of the Taylor seriegf@tx = 0.

. ran  The random number functioran( ) , gives a value that is a random number betweérand1, with a

mean value 0f. Random values are assigned no matter what the argumeani0f) is.

For instance, the formula
ran(0)

will not produce a constant function. It will produce a randg varying function with values betweenl and
1. The values of these random numbers are approximatelyramifalistributed, i.e., the values odn( ) are
approximately the values of a random variable with unifomobability density.

. rang The random number functiomang( ) , gives values that are approximately distributed like tifeet

Gaussian random variable. Random values are assigned ter mhat the argument sang( ) is.

For instance, the formula
rang(0)

will not produce a constant function. It will produce a randy varying function.

The functionrang( ) is used to create an approximation of random noise with a §&ausormal probability.
This type of random noise is called Gaussian white noise. flihetionrang( ) is produced by addingv
repetitions ofran( ) and dividing by the square root &f. This numberV is 144 by default. To change the
numberN of terms, enter a formula like the following

rang(x)\noiseterms=400

In this caseV is set equal td00. You must specify a value faV betweenl and30000.

. rect  The rectangle functiorrect( ) , is defined by

1 if|x] < 0.5
rect(x) =405 if|x] = 0.5
0 if|x] > 05

For example, to create a function equal tover the intervala, b) and equal td outside that interval, you enter
the formula

rect((x-c)/w)\c=(a+b)/2\w=b-a

. sinc  The sinc functionsinc( ) , is defined by

sinmx

sinc(x) =
X

for z not equal to zero. I = 0, thensinc(0) = 1.
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2.1.4 Piecewise functions

To illustrate how piecewise functions are graphed, comsffollowing two examples.

1. To graph the piecewise function

r—3 forz< -2
flz) =
2¢ +8 forxz > -2

enter the formula
X - 3)(x < -2) + (2x + 8)(x >= -2)

2. To graph the piecewise function
2 forz < —m
f(x) =< cosz for—m<z<2m
-3 forz>27w

enter the formula
2(x <= -pi) + cos(X)(-pi < x < 2pi) - 3(x >= 2pi)

Using theDotsoption for graphing is often the best way to plot piecewise functions.
The formulas in these two examples made uskagfic andInequalities.For further discussion of these topics see
Section 2.1.8 on p. 18, and Section 2.1.9 on p. 18, respéctive

2.1.5 Graph operations

If you have drawn the graph of at least one function on theesgrihen you can assign values from these function(s)

using the graph variablegl( ) ,g92( ) ,93( ) ,94( ) ,andg5( ) .
For example, suppose 3 graphs are displayed on screen. Adésilbwing formula:

2g1(x) - 4g93(x)

assigns twice the values of graph 1 minus four times the sadfigraph 3 to the plotted function.

Warning: Do NOT use a graphical function with a higher index than theaber of displayed graphs. Alsoawav
does not support graph variables beygsd ) . Thatis, if there are 6 or more graphs displayed, @ ) or higher
graph indices, will not be accepted.

2.1.6 Sums

There are four sum operatosymi( ) ,sumj( ) ,sumk( ) ,andsumn( ) . For example, the formula
sumi(x"i)\i=1,10
produces the same function as the more complicated formula
X+ X2+ X3+ X4+ x5+ x6+ X7+ x8+ x9 + x10
Or, the following formula

1 + 2sumk(cos(2(k+1)pi x))\k=0,19

1Selectview/Display styland then select the optiddots
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produces the same function as
1+ 2cos(2mz) 4+ 2 cos(4dmx) + - - - + cos(40mx).
Warning: You cannot use a sum operator twice in the same formula. Fonple, the formula
sumk(cos(kx)) + 8e"(2x-3) - sumk(kx-3)\k=3,5
will not be accepted by &wAv . You should use instead

sumk(cos(kx)-kx+3) + 8e"(2x-3)\k=3,5

2.1.7 Products

There are two operators for performing produpt®dp( ) andprodq( ) . For example, the following formula
prodp(x-p)\p=-4,3
produces the same graph as the following more complicatealfia
(X+4)(x+3) (X+2) (X+1)X(X-1)(X-2)(x-3)
Warning: You cannot use a product operator twice in the same formulae¥ample, the formula
prodp(x-p) - prodp(px)\p=3,5
will not be accepted by &wav. You should use instead

prodp(x-p) - prodg(gx)\p=3,5\0=3,5

2.1.8 Logic

There are three logical operatios(and),or , andnot( ) . These are Boolean operations which are meant to return
values of eithefl (for TRUE) or 0 (for FALSE). For example, the following formula

(x>3 or x<-2)sin(3x) + ((-2<=x)&(x<=3))cos(x)

produces a function that equaia(3x) if x > 3 orif x < —2, and equalsos(x) if —2 <x < 3.

2.1.9 Inequalities

The inequality operations are >=, <, and<=. For example, if you enter the formula
(2<x<=4)sin(x) + (x>4)cos(x)

the function will equab for x < 2, will equalsin(x) for 2 < x < 4, and will equakos(x) for x > 4.

2.1.10 Command strings

Command strings are used at the end of a formula for perfgrsuibstitutions or other tasks. They are preceded by the
backslash charact&r. Here are a few examples of using command strings.

1. SubstitutionThe following formula shows how a command string perform&sa substitutions:

cos(ax) + bsin(cx)
\a=2\b=x+c\c=3x
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Notice that the parameters can be constant or variable anthtsy can invoke other parameters as well.

The allowed parameters aggb, c, mt, u, v, w, z. Unless a differential equation is specified (see belove, th
parametey can also be used.

2. Limits for a sumThe following formula shows how a command string is used pac#fying the limits for a sum:
1/2 + sumk[cos(kx)|\k=-4,7

Here the sum s froma = —4tok = 7.

3. Differential equation modeA command string can be used to tehviav to solve certain types of differential
equations. For example, the differential equation

y' +zy = 4cos(2z), y(0)=-3

can be solved over the intervl, 20] in the following way. First, seledraphs/Plotand then specify an interval
of type [0, L] with L = 20. Then enter the following formula:

-Xy + 4cos(2x)\Diffly=-3

The command stringDiff  tells Fawav that the formula requires the numerical solution of a défeial equa-
tion, and the command string=-3 says to use the initial value af(0) = —3. Fawav uses the classic
Runge-Kutta, order 4, method for approximating solutions.

You can also plot approximations to solutions of higher odiferential equations. You use the variaitk for
the first derivativey’ andy2 fory” and so on. For example, graphing the following

-y \DifA\Ord=2\y=1\y1=0

over the interval0, 10], approximates the solution gf’ = —y with initial conditionsy(0) = 1 andy’(0) = 0.
You can approximate a differential equation up to ortder

2.1.11 Loading an audio file

Fawav supports the loading and playing of moneav files. To load awav audio file, just click on the graph box on
the left side of the window with the right mouse button. ThelestLoad/Sound filérom the pop-up menu. A standard
Open Filedialog box will appear from which you can selecwav file for loading.

Note: If the .wav file that you choose to open is too large (larger thdhsamples), to load directly into tHeD-
Form, the file will be loaded into th&udio editorthat is part of Bwav . From this Audio editor you can select a portion
of the audio file for analysis. (See Chapter 6 on p. 85 for metaits.)

You can also load a sound file from thée menu [usingOpen sound file (*.way;) but the method described above
is preferable.

Fawav only supports monowav files. Another common sound file format.isp3 . To convert a monamp3 file
to a.wav file use the AIDACITY program. Load armp3 file into AUDACITY and then seledtile/Export as WAMo
save to awav file. If the .mp3 file is a stereo file, then select one track inBaciTy and remove the other track, and
then export the single track to.aav file.

2.1.12 Loading external (binary) files

There are two ways to load external data. The easiest waglwi recommend) is to enter the data in a spreadsheet
(such as ECEL) or text editor (such as dNTEPAD) in the following format:
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(number of points)
(left endpoint)

(right endpoint)

(first function value)
(second function value)
(third function value)

(last function value)
The (number of points) must be one of the following numbers:
64, 128, 256, 1024, 2048, 4096, 8192, 16384, 32768, 65536.

The next two numbers are the left and right endpoints of tkerwal over which the data are to be plotted. There
are two acceptable formats for these two numbers: eitteard L, or —L and L. For example, the endpoints should
be0 and thenl0 when the interval i$0, 10]; or, they should be-5 and thens when the interval i§—5,5]. After the
endpoints, the remainder of the data are the values of tmalsig here should be one more value than the value of
(number of points). For example,1f24 points are specified, then there shouldibg5 values specified.

Here is a sample listing:

128

0

4
2.35
1.357

2.578

The first three numbers specifg8 points over an interval df), 4]. The remaining numbers are the signal values.
Note again that in this example there shouldlbe values following the right endpoint af, not 128. This quirky
requirement of the data format is necessary because of th&aveav plots functions and computes Fourier series and
Fourier transforms. [Note: If you supply fewer function wa$ than specified by the (number of points) value, then

Fawav suppliesD-values for the extra function values that were not supgdlied

After entering your data, you then select it and copy it to Wisspows Clipboard, and then right-click on the
Fawav 1D-form and seledPaste from ClipboardYour data should then be graphed.

There is a second way to load data (we recommend the first ahabhoif you are a very experienced programmer
you could use this second method). You right-click on thehrbox on the left side of the window, and then select
Load/Graph. From the dialog box that appears you then select a file of bidata to load. If you want to load data
of your own (not previously saved from withim®av ), then the data file must have the following format. It mugt en
with the extensionfbl and consist of 8-byte double precision numbers (exceptinumber of points, which is a
4-byte integer). The first number specifies the number oftpoifhe number of points must be one of the followirty
numbers:

64 128 256 1024 2048 4096 8192 16384 32768 65536.

The number of points is saved as a 4-byte integer (sometiefesed to as a long integer). The next two numbers are
the left and right endpoints of the interval over which théadare to be plotted. There are two acceptable formats for
these two numbers: eithérand L, or — L and L. For example, the endpoints should(band thenl0 when the interval

is [0, 10]; or, they should be-5 and then5 when the interval i§—5, 5]. These two endpoints are specified as 8-byte

double precision numbers. After the endpoints, the tineeement is specified as an 8-byte double precision number.
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This time-increment is equal to the length of the intervaldid by the number of points. For example, if the interval
is [-5, 5] and1024 points are used, then the time-increment would 1089765625.

After the time-increment, the remainder of the data are #thees of the signal (all 8-byte double precision numbers).
There should be one more value than the number of pointsl ligieve. For example, if024 points are specified, then
there should b&025 values specified. Here is a sample format forfat file:

128

0

4
0.03125
0.025
1.357

2.578

The first four numbers specify28 points over an interval o), 4], with a time increment 06.03125. The remaining

numbers are the signal values. Note again that in this exathpte should b&29 values following the right endpoint
of 4, not128. This quirky requirement of thdb1l format is necessary because of the waykv plots functions and
computes Fourier series and Fourier transforms.

2.2 Wavelet transforms

A wavelet transform of a displayed graph can be calculategdnforming the following steps.
1. You selecfTransforms/Wavelet.
2. In the text box labele@raph, enter the number of the graph that you want to transform.

3. In the text box labeletevels,enter the number of levels to use for the transform. By rgstie mouse pointer
on this text box, a message should appear which tells youltheesl number of levels.

4. If you want to compute an inverse transform, then checkligekbox labelethverse.Otherwise, make sure this
checkbox is not checked.

5. Select the type of wavelet you want to use. The choices aife Baub, Haar, and a selection of biorthogonal
wavelets. If you select Coif or Daub, then you must also etfierappropriate number at the left of the wavelet
type. By resting the mouse pointer on the text box next to theelet type, a message should appear which tells
you the allowed numbers.

6. Click on the button labele@lot. This will produce the wavelet transform.

2.3 Wavelet series

A wavelet series of a displayed graph can be calculated bgnoeing the following steps.
1. Chooseseries/Waveldtom the menu.
2. In the text box labele@raph, enter the number of the graph that you want to compute a deries

3. In the text box labeletevels,enter the number of levels to use for the series. By restiagrtbuse pointer on
this text box, a message should appear which tells you tbevedl number of levels.
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4. Select the type of wavelet you want to use. The choices aife Baub, Haar, and a selection of biorthogonal
wavelets. If you select Coif or Daub, then you must also etfiterappropriate number at the left of the wavelet
type. By resting the mouse pointer on the text box next to theelet type, a message should appear which tells
you the allowed numbers.

5. Specify the series type. There are four choices:

e Threshold

e Highest mag. coefficients
e Energy fraction

e Ascending terms

We wiill discuss these choices in Section 2.3.1.

6. Click on the button labele@lot. This will produce the wavelet series.

2.3.1 Series type

There are 4 types of series: (1) Threshold, (2) Highest magfficients, (3) Energy fraction, (4) Ascending terms. We
now discuss each of these types.

1. Threshold.The threshold method is a commonly used method of handlivglecoefficients. This is for several
reasons. First, there is the fact that for highly correlatath, most of the wavelet coefficients will be near zero.
Consequently, a high compression ratio can be obtained dysiig a proper threshold. Second, the method is
very useful for removing various types of noise, especiathjte noise, which is the type of noise that gives the
familiar static sound in audio transmissions.

To specify a threshold make sure that this option is seldayedicking on the labeThreshold.Then to modify
the threshold(s) click on the button labeledit settings.

After selectingEdit settingsthere are two methods for defining a threshdlthiform and Multiple. Here are
descriptions of each of these two methods.

a. Uniform ThresholdThis method involves specifying a threshold by typing in lugan the text box labeled

Value.You should enter an expression of the fatf2™n  wheren is a positive integer. For example2"2

or 1/2°3 , etc. If the checkbox labeleQuantizeis checked, then a threshold of the fodf2™n  will
produce am+1 bit or n bit quantization of all wavelet coefficients (transformues) depending on whether
the checkbox labele8ign bitis checked. Note: The tool fifor the text box will provide information on
how many bits you are specifying for the threshold value yloathave entered.

If the checkbox labele@uantizationis not checked, then a value of the fof2™n  produces a threshold
of the formM/2°n . HereMis the maximum magnitude of all wavelet coefficients. All wkst coefficients
whose magnitudes are less than this threshold are set eqeia, but no quantization is performed on the
values that survive this thresholding.

. Multiple Thresholds.This method involves specifying two thresholds by entermghe text box labeled

Value an expression of the for/2"m:1/2"°n wheremandn are positive integers. With this option,
guantization is always performed. The first threshold sthdwve the forml/2"m , which produces an
m+1 bit or mbit quantization of all trend values, depending on whetherdheckbox labele8ign bitis
checked. Likewise, the second threshold should have the If2"n , which produces an+1 bit or n bit
quantization of all fluctuation values, depending on whethe checkbox labelefign bitis checked. Note:
The tool tip for the text box will provide information on howamy bits you are specifying for the threshold
values that you have entered.

2The tool tip is the message that appears when a mouse poingstésion a text box, or other item in a window.
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2. Highest mag. coefficient$his method is used when it is known in advance how many terithbemneeded.

To select this option, just click on the lalidighest mag. coefficienead then enter the number of coefficients de-
sired. The series will use only that many terms whose coeifftsiare the specified number of highest magnitude.
For example, if you entet6, then thel6 highest magnitude coefficients will be used, and all otheffaments

will be set to0.

By resting the mouse pointer on the text box for the numberoefificients, a message should appear which
specifies the range of allowed numbers.

3. Energy fraction.This method involves specifying a target fraction of thet@nergy of the signal. A series is
then formed from the smallest number of highest magnitu@dficaents whose energy (sum of their squares) is
at least as large as this target fraction. For example, ifgaer0.99 as the fraction, then the series will use the
smallest number of coefficients needed to cap®dfé of the energy of the signal.

To select this option, just click on the lali&hergy fractionand then enter the desired energy fraction.

By resting the mouse pointer on the text box for the energytifsa, a message should appear which specifies the
range of allowed fractions.

4. Ascending termsThis method is most useful for generating averaged sigiéiks series is formed using the first
M values of a wavelet transform as coefficients, whefés the number of coefficients specified in the text box
at the right of the labeAscending terms.

For example, suppose that the number of points04 = 2'°, then by specifyingl024/2°4 number of
ascending terms you will produce tH& averaged signal. Or, by specifyii@24/2°3 number of ascending
terms you will produce tha™® averaged signal.

To select this option, just click on the lab&cending termand then enter the number of terms desired.

By resting the mouse pointer on the text box for the numberoefficients, a message should appear which
specifies the range of allowed numbers.

2.4 Wavelet packet transform

To compute a wavelet packet transform of a signal you sédleatsform/Wavelet packeThe rest of the steps are the
same as described above for wavelet transforms.

Note: Fawav only computes the simplest type of wavelet packet transfaha wavelet packet transform where
each subsignal is further transformed up to the highesk Ibl@e complex transforms are performed by more advanced
software such as the ones described in Appendix & Bfimer on Wavelets and their Scientific Applications

2.5 Wavelet packet series

To compute a wavelet packet series for a signal you sélacisform/Wavelet packethe rest of the steps are the same
as described above for wavelet series.

Note: FawAv only computes the simplest type of wavelet packet seriegravthe wavelet packet transforms for
each subsignal are further transformed up to the highest I&ore complex series are performed by more advanced
software such as the ones described in Appendix & Bfimer on Wavelets and their Scientific Applications

2.6 Fourier transforms

There are three types of transforms: the Fourier transfavhich utilizes complex exponentials), the Fourier cosine
transform, and the Fourier sine transform. We discuss thei&otransform first (the Fourier cosine transform is
discussed in Section 2.6.3 on p. 26, and the Fourier sinsftian is discussed in Section 2.6.4 on p. 26).
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2.6.1 Fourier transform

A Fourier transform, or power spectrum, of a signal can beutated by performing the following steps.

1.
2.
3.

After plotting your signal data, selettansforms/Fouriefrom the menu.
Select one of the two data types, eitReralor Complex.

If you selectedReal, then enter the number of the graph that you want to transfatmthe text box labeled
Graph. The values of this signal will constitute the real part of ttaa, the imaginary part will be assumed to be
all zero values. On the other hand, if you selediznplexthen enter in the text boxes labelBéalandimag
the numbers of the graphs whose values you want to use foeghamd imaginary parts of the data, respectively.

. Choose whicl©utput typeyou want. There are three output types to choose fromRéa)/Im,(b) Amp/Ph,and

(c) Power sp.We now describe these thr@aitput types.

(a) Real/lm This output type produces the real and imaginary parts obfRE of the signal.

(b) Amp/Ph This output type produces the amplitude and phase of the DRfieosignal. The amplitude
values are the magnitudes of the complex values of the DFile Wie phase values are the angle values (in
radians) of these complex numbers in the plane.

(c) Power sp This output type produces a discrete version of the powertspa of a signal. The values of the
power spectrum of a signal are the squares of the magnitdidies complex values of the Fourier transform
of the signal. For a discrete signal the Fourier transfornsigts of the DFT of the discrete signal.

Power spectra are used for describing the (global) energadi frequency in a signal. At least insofar as
a DFT can accurately capture the contribution of that fregueo the signal.

. Choose whiclexponent typ& use. The two exponent types areand+. If you select— then (discrete sampled

versions of) the exponentiats ©27** are used for computing transforms. On the other hand, if gtecs+ then
(discrete sampled versions of) the exponentalé™* are used for computing transforms.

These two types are inverse to each other: by Fourier tremgig with one exponent type, and then Fourier
transforming the result with the other exponent type, ydurreto the original data.

6. Choose thénterval type.There are the following four interval types:

() Interval type[—L, L] — [-A, A] This interval type is used when the signal is defined over terval of
the type[—L, L] and it is desired to produce a Fourier transform over anvatef type[— A, A].
When an inverse transform is being performed (by choosingfip®site exponent sign), then this same
interval type should also be selected for performing theiise transform.

(i) Interval type[0, L] — [0, A] This interval type is used when the signal is defined over tarval of the
type [0,L] and it is desired to produce a Fourier transforraran interval of type [0,A].
When an inverse transform is being performed (by choosingfp®site exponent sign), then this same
interval type should also be selected for performing theiise transform.

(iii) Interval type[0, L] — [—A, A] This interval type is used when the signal is defined over tmval of the
type[0, L] and it is desired to produce a Fourier transform over anvatef type[— A, A].
When an inverse transform is being performed (by choosingpip@site exponent sign), then the interval
type[—L, L] — [0, A] should be selected for performing the inverse transform.

(iv) Interval type[—L, L] — [0, A] This interval type is used when the signal is defined over gmval of the
type[—L, L] and it is desired to produce a Fourier transform over anvatef type|0, A].

When an inverse transform is being performed (by choosingip@site exponent sign), then the interval
type [0, L] — [—A, A] should be selected for performing the inverse transform.

7. Select &ilter type. The four choices foFilter typeare the following:
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(i) Blackman filter This filter multiplies the signal value§k] by the factors
0.42 + 0.5 cos(2km/N) + 0.08 cos(4km /N)
fork=—-N/2,...,0,..., N/2when the domain of the function is of the fofm L, L] and by the factors
0.42 4+ 0.5 cos[2(k — N/2)w/N] 4 0.08 cos[4(k — N/2)mw/N]

for k =0, ..., N when the domain of the function is of the foiffh L]. The symbolV denotes the number
of points.

(i) Gauss filter This filter multiplies the signal valuegk] by the factors

674.5(2k/N)2

fork =—-N/2,...,0,...,N/2when the domain of the function is of the fofm L, L] and by the factors

e—4.5[2(k—N/2)/N]2

for k =0, ..., N when the domain of the function is of the foffh L]. The symbolV denotes the number
of points.

(i) Hamming filter This filter multiplies the signal value§ k] by the factors
0.54 + 0.46 cos(2km/N)
fork =—N/2,...,0,...,N/2 when the domain of the function is of the fofmL, L] and by the factors
0.54 + 0.46 cos[2(k — N/2)7 /N

for k =0, ..., N when the domain of the function is of the foffn L]. The symbolV denotes the number
of points.

(iv) Hanning filter This filter multiplies the signal value§ k] by the factors
0.5+ 0.5 cos(2km/N)
fork =—N/2,...,0,...,N/2 when the domain of the function is of the fofm L, L] and by the factors
0.5+ 0.5 cos[2(k — N/2)7/N]

for k =0, ..., N when the domain of the function is of the foffh L]. The symbolV denotes the number
of points.

There is also a default choice Bbnewhich performs no filtering of the Fourier transform.

8. Either check, or uncheck, the checkbox labé&edodic, endpoint averagedf.this checkbox is checked, then the
first and last values of the signal are averaged to produ@mezoidal rule approximation of a Fourier transform,
thus producing a better approximation to the Fourier tramsfof an analog signal. If, however, you only want to
compute the DFT of a discrete signal, then this checkboxldhmt be checked.

9. Click the button labeleRIlot, this will produce the Fourier transform or power spectrunseparate window will
be created for displaying this new data.

2.6.2 Examples

Examples illustrating many of these aspects of computingiEptransform$can be found in Chapters 5 and 6 of the
book

James S. WalkeEast Fourier Transforms, 2nd EditiQ®€©RC Press, 1996
which we shall refer to aBast Fourier Transforms, 2nd Editidinom now on.

3Using an older command window (DOS) version effav called FAS.
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2.6.3 Fourier cosine transform
A Fourier cosine transform can be calculated by performimagfollowing 4 steps.
1. After plotting your signal, seledransforms/cosinéom the menu.
2. In the text box labele@raph. enter the number of the graph that you want to transform.
3. Select &ilter type. The four choices oFilter typeare the following:
(i) Blackman filter This filter multiplies the signal value§ k] by
0.42 4 0.5 cos[2(k — N/2)n/N] + 0.08 cos[4(k — N/2)7/N]
fork=0,..., N. The symbolN denotes the nhumber of points.
(i) Gauss filter This filter multiplies the signal valueg k| by the factors
e—4.5[2(k—N/2)/N]2

fork =0,...,N. The symbolV denotes the number of points.
(i) Hamming filter This filter multiplies the signal value§ k] by the factors

0.54 4 0.46 cos[2(k — N/2)7/N]

fork=0,..., N. The symbolN denotes the number of points.
(iv) Hanning filter This filter multiplies the signal value§ k| by the factors

0.5+ 0.5 cos[2(k — N/2)/N]
fork=0,..., N. The symbolN denotes the number of points.
There is also a default choice Bbnewhich performs no filtering of the Fourier cosine transform.

4. Click on the button labeleBlot. This will produce the Fourier cosine transform.

2.6.4 Fourier sine transform
A Fourier sine transform can be calculated by performingdfewing 4 steps.
1. After plotting your signal, seledransforms/sinérom the menu.
2. In the text box labele@raph,enter the number of the graph that you want to transform.
3. Select &ilter type. The four choices oFilter typeare the following:
(i) Blackman filter This filter multiplies the signal value§ k] by
0.42 4 0.5 cos[2(k — N/2)n/N] + 0.08 cos[4(k — N/2)7/N]
fork=0,..., N. The symbolV denotes the number of points.
(i) Gauss filter This filter multiplies the signal valueg k] by the factors

e—4.5[2(k—N/2)/N]2

fork =0,..., N. The symbolV denotes the number of points.
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(i) Hamming filter This filter multiplies the signal value§k| by the factors
0.54 + 0.46 cos[2(k — N/2)7/N]

fork =0,..., N. The symbolNV denotes the number of points.
(iv) Hanning filter This filter multiplies the signal value§ k] by the factors

0.5+ 0.5 cos[2(k — N/2)7/N]
fork =0,..., N. The symbolV denotes the number of points.
There is also a default choice Bbnewhich performs no filtering of the Fourier sine transform.

4. Click on the button labeleBlot. This will produce the Fourier sine transform.

2.7 Fourier series, sine series & cosine series

Fawav allows you to calculate partial sums of Fourier series angtieo cosine and Fourier sine series. A partial sum
of a Fourier series (period) has the form

M
00+Z (Akcos

k=1

2 2
kmx 4 Busin kmx )

wherecy, A, and By, are the Fourier coefficients. We say thdtis the number of harmoniassed in the partial sum.
Similarly, a Fourier cosine series has the form

M krx
co + Z Ay, cos o

k=1
and a Fourier sine series has the form

M

k
Z By, cos %x
k=1

where M is the number of harmonics. (Further discussion of the nmasitieal details can be found Fast Fourier

Transforms, 2nd EditignChapter 1.)
These partial sums can all be calculated using/&v by the following6 steps.

1. Graph the signal, and then select eitBeries/Fourieror Series/cosineor Series/sindrom the menu.

2. In the text box labele&raph, enter the number of the graph for which you want to compute w&i€oseries
partial sum.

3. In the text box labeletlarmonics.enter the number of harmonics that you want to use in thegbarim.

4. Select theFilter type. There are two typednfiltered and Filtered. If you selectUnfiltered,then the Fourier
coefficients are used without any modification when formimg partial sum. If you seledtiltered, then a list
box is activated and you can select a filter. Most of theseadiliee functions that modify the Fourier coefficients
by multiplying them by different functions. These filtergahe following sixteen linear filters:

Blackman Cesaro Cos Diffraction
DIVP FresCos FresSin Hamming
Hanning Heat Gauss Kaiser

Poisson Riesz Sinc User
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There are also three other non-linear filters, which modi& Fourier coefficients in a non-linear way. They are
the following:
Energy percentage Highest magnitude Threshold

All of these 19 filters are described below in Section 2.7.1.

. Check or uncheck the checkbox labeliodic, endpoint averagedf. you check it, then the last signal value is

set equal to the first signal value when computing DFTs (iteaf@ezoidal rule is used for approximating Fourier
series coefficients). This is done when the discrete Foedges is computed as an approximation to a Fourier
series for an analog signal.

6. Click on the button labeleBlot. This will produce the Fourier series partial sum.

2.7.1 Filtering of Fourier series

In this section we describe each of the 19 filtering method&éurier series.

1. Blackman The Blackman filter modifies a Fourier series partial sum bytipiying the k" and —&*" coeffi-

cients by the following convergence factor
0.42 + 0.5 cos(km/N) + 0.08 cos(2km /N)

whereN is the number of harmonics in the partial sum.
For Fourier sine and cosine series, this convergence fauitiiplies thek*" coefficient.

. Cesaro The Cesaro filter modifies a Fourier series partial sum byipiyiihg the £*" and—&t" coefficients by

the following convergence factor
1—|k|/N

whereN is the number of harmonics in the partial sum.
For Fourier sine and cosine series, this convergence fauitiiplies thek'™" coefficient.

. Cos The Cosine filter modifies a Fourier series partial sum byimiyihg the £** and—kt* coefficients by the

following factor
cos(WTkn/L)

whereL is the right endpoint of the chosen intervll, andT" are thewave constanandtime constan{which
you are required to input). These constants must be nortinega

For Fourier sine and cosine series, this convergence fauitiiplies thek'™" coefficient.

. Diffraction The Diffraction filter modifies a Fourier series in two waystsE by multiplying thek*® and —&"

coefficients by the factocos[W T (kw/L)?)]. Second, by multiplying by the factein[W T (kx/L)?)]. The
result is then created by summing the squares of the valubs®d two modified Fourier series. You are required
to supply the values of theave constantly/, andtime constant]’. The result is the same as the sum of the
squares of the graphs produced by fnescosandFresSinfilters.

For Fourier sine and cosine series, this convergence fauitiiplies thek*™" coefficient.
This filter can be used to create a diffraction pattern (fecbn diffraction use the wave constam7g).

. DIVP The de la Vallee Poussin filter modifies a Fourier series gastim by multiplying thek*® and —kt®

coefficients by the following convergence factor

1 if 2] < N

2(1 — |k|/N) if N < 2|k| < 2N
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whereN is the number of harmonics in the partial sum.
For Fourier sine and cosine series, this convergence fauitiiplies thek'™" coefficient.

. FresCos The Fresnel cosine filter modifies a Fourier series partial sy multiplying thek** and—k*™ coeffi-

cients by the following factor
cos[W T (kr/L)?]

whereL is the right endpoint of the chosen intervel, andT' are thewave constanandtime constan{which
you are required to input). These constants must be nortinega

For Fourier sine and cosine series, this convergence fauitiiplies thek'™" coefficient.

. FresSin The Fresnel sine filter modifies a Fourier series partial sumitiplying thek*® and—k£*" coefficients

by the following factor
sin[W T (krw/L)?]

whereL is the right endpoint of the chosen interval, andT are thewave constanandtime constan{which
you are required to input). These constants must be nortinega

For Fourier sine and cosine series, this convergence famitiiplies thekt" coefficient.

. Hamming The Hamming filter modifies a Fourier series partial sum bytiplying thek*" and—&*" coefficients

by the following convergence factor
0.54 + 0.46 cos(km/N)

whereN is the number of harmonics in the partial sum.
For Fourier sine and cosine series, this convergence fauitiiplies thek*" coefficient.

. Hanning The Hanning filter modifies a Fourier series partial sum bytiplying the 5" and—%'" coefficients

by the following convergence factor
0.5+ 0.5 cos(km/N)

whereN is the number of harmonics in the partial sum.
For Fourier sine and cosine series, this convergence fauitiiplies thek'" coefficient.

Heat The Heat filter modifies a Fourier series partial sum by miyiiig the " and—k" coefficients by the

following factor
e—WT(/m/L)2

wherelL is the right endpoint of the chosen intervill, andT are thediffusion constanandtime constantwhich
you are required to input. These constants must be noninegat
For Fourier sine and cosine series, this convergence fauitiiplies thek'" coefficient.

Gauss The Gauss filter modifies a Fourier series partial sum by piuitig the k" and —k'" coefficients by

the following convergence factor
8-4.5(&/1\7)2

For Fourier sine and cosine series, this convergence fauitiiplies thek'" coefficient.

Kaiser The Kaiser filter modifies a Fourier series partial sum by iplyiing the k** and — k" coefficients by

the following convergence factor
I[Tr\/1— (kw/N)?
I(Tm)

wherel is the zero order modified Bessel function, axds the number of harmonics in the partial sum, &hd
is adamping constanfwhich you are required to input). The damping constant rhaston-negative.

For Fourier sine and cosine series, this convergence fauitiiplies thek'™ coefficient.
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Poisson The Poisson filter modifies a Fourier series partial sum byiplying the £*" and— k' coefficients by
the following convergence factor

e

The number- is called thedamping ratio(which you are required to input). It must be betw@&emnd1.
For Fourier sine and cosine series, this convergence fauitiplies thek*" coefficient.

Riesz The Riesz filter modifies a Fourier series partial sum by mplyithg thek*® and—k*" coefficients by the
following convergence factor

(1= (k/N)*)"

where N is the number of harmonics in the partial sum, anis called thedamping power(which you are
required to input). The damping power must be non-negative.

For Fourier sine and cosine series, this convergence fauitiiplies thek*" coefficient.

Sinc The Sinc filter modifies a Fourier series partial sum by miyliig the &** and —k*" coefficients by the
following factor

Tsinc(WTk/L)

whereL is the right endpoint of the chosen intervel, andT" are thewave constanandtime constan{ which
you are required to input). These constants must be nortinega

For Fourier sine and cosine series, this convergence fauitiiplies thek*" coefficient.

User The User filter modifies a Fourier series partial sum by miyitig the &** and —kt" coefficients by a
factor

FCIEI/N)

The functionf () is created by you, and is assumed to be defined over theah{éni]. The numberV is the
number of harmonics in the partial sum.

For Fourier sine and cosine series, this convergence fauitiiplies thek*™ coefficient.

For example, th&esarofilter could be implemented asWdser filter if you enteredx as the function. Or, the
Hanningfilter could be implemented asldserfilter if you entered).5 + 0.5 cos(pi X) as the function.

Energy percentage This filter selects the least number of the highest magnifadeier coefficients whose total
energy is equal (or larger) than the percentage of the eméi@ythe coefficients. You will be required to specify
this percentage which is a number betwéemd1.

For example, if you specify a percentagedd9, then the coefficients that are used will have a total endrgy t
is at leasB9% of the energy of all the coefficients. These will be the leashber of coefficients needed because
they are of the highest magnitude.

Highest magnitude This filter selects a specified number of the highest mageitaefficients for creating the
partial sum. You specify this number in the text box labétstmonics.

For example, if you specify0 harmonics, then the large3d or 21 coefficients in magnitude will be used for
forming the partial sum. Note: Because Fourier series aredd from sums of complex exponentials, the number
of coefficients is twice as many as the number of harmonies(phe more coefficient, if the constant coefficient
is included). [For Fourier cosine series it will be the lag®) or 11 coefficients, depending on whether the
constant term is included; while for Fourier sine seriesiitlve the largest 0 coefficients.]

Threshold This filter selects those coefficients whose magnitudes laogeaa threshold that you specify, all
other coefficients are set equal to zero. You must specifynamegative number for the threshold.
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2.7.2 Examples

Examples illustrating many of these aspects of computingiEoserie$ can be found in Chapter 4 ¢fast Fourier
Transforms, 2nd Editian

2.8 Audio

Fawav allows one or more graphs to be played as audio files by peirfigrthe following 7 steps.

1. Graph the signal(s) that you want to play. Typically tisislone by loading an audio file (see Section 2.1.11 on
p. 19 for discussion of how to load an audio file)—althougiwkv allows any graph to be played.

2. SeleciGraph/Audiofrom the menu.
3. In the text box labeleraph(s),enter either one number, or a sequence of numbers sepayatedimas, that

specify which graphs you want to play. For example, supploseetare three graphs displayed. Some possible
numbers that you could enter are

1,o0r3,0r1,2 ,0r3,2,1,1,2,3

which, respectively, would tell &vav to play the first graph displayed, or the third graph disptaye the third
graph followed by the second graph followed by the first grapidl then repeating in reverse order.

4. Choose dit-rate of either8 bits or16 bits. If you selecB bits, then volume levels are from128 to 127 (that is,
28 in all). Or, if you selecfl6 bits, then volume levels are from32768 to 32767 (that is,2'6 in all).

5. Specify aSampling rate.The allowed values are integers frofl to 44100. The sampling rate specifies how
many volume levels are played per second by the computeo aydtem.

6. Specify avolume level.The volume level is the factor by which the resulting sounahigtiplied. For example,
if you specify a volume level o2, then the sound will play two times louder than if you specifyolume level
of 1. Warning: Be careful with volume levels if you change frambits to8 bits. A graph that plays moderately
at 16 bits will play exceedingly loudly (most values at highmagnitude volume levels) when playeddiits.
Conversely, a graph that plays loudlysabits will be hardly audible, if not completely inaudible, 4t bits.

7. Click on the button labeleBlay.

2.9 Convolutions and Correlations

Fawav performs three types of discrete convolution operatiom®s€ are
1. convolution
2. pair-correlation
3. auto-correlation

We now describe each of these 3 types.

4Using an older command window (DOS) version effav called FAS.
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2.9.1 Convolution

To perform a convolutiohof two displayed graphs, perform the following 3 steps.
1. Enter the numbers for the displayed graph in the text blaededGraph 1andGraph 2.

2. If youwant to divide the values of the convolution by thedth of the interval over which the displayed graphs are
plotted, then click on the checkbox labeBivide by interval lengthWarning: If the two signals are defined over
different intervals, then &wav will divide by the length of the interval for the second fuioct This is confusing,
and is avoided by restricting to convolutions of functioefiged over a common interval when selectibigide

by interval length.

3. Click on the button labeleglot. This will produce the convolution.

2.9.2 Pair-correlation

To perform a pair-correlation (also known simply as cottielg) of two displayed graphs, perform the following 4 steps
1. Enter the numbers for the displayed graph in the text blaededGraph 1andGraph 2.

2. If you want to divide the values of the correlation by thegth of the interval over which the displayed graphs are
plotted, then click on the checkbox labelBtvide by interval lengthWarning: If the two signals are defined over
different intervals, then &vav will divide by the length of the interval for the second fuioct This is confusing,
and is avoided by restricting to correlations of functioesited over a common interval when selectiDigide

by interval length.

3. If you want to divide the values of the correlation by thergy of theGraph 1signal, then click on the checkbox
labeledNormalize.

4. Click on the button labeleHlot.

2.9.3 Auto-correlation

To perform an autocorrelation on a displayed graph (whidghéspair-correlation of a graph with itself), perform the
following 4 steps.

1. Enter the number for the displayed graph in the text bozlehGraph.

2. If you want to divide the values of the autocorrelation gy length of the interval over which the displayed graph
is plotted, then click on the checkbox labeBiide by interval length.

3. If you want to divide the values of the autocorrelation bg energy of the displayed signal, then click on the
checkbox labeletNormalize.

4. Click on the button labeleBlot. This will produce the autocorrelation.

2.9.4 Examples

Several examples of the use of convolution and correlatiergaen in the two referenceé, Primer on Wavelets and
their Scientific ApplicationandFast Fourier Transforms, 2nd Edition

5To be precise, cyclic convolution. For more of the mathematitedry, see the treatment of convolutiorFast Fourier Transforms, 2nd Edition
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2.10 Spectrograms and Scalograms (see Chapters 3 and 4)

On theAnalysismenu there are two choices for time-frequency analysis o§ifjDals: Spectrogranand Scalogram
These two choices play such important roles in the field oétfrequency analysis that they deserve their own separate
chapters. We discugpectrogrami Chapter 3 beginning on p. 45, and we discBsalogramsn Chapter 4 beginning

on p. 53.

2.11 Menu ltems for 1D-Form

There are 9 menu items on a 1D-form:
File Edit View Graph Series Transforms Convolve Analysis IHe

We now describe the contents of each of these 9 items.

2.11.1 File

TheFile menu contains 13 items, which we now examine.

1. New 1Dim Selecting this item will open a new 1D-form. Each 1D-form isnbered when it is opened. You
can access a list of all opened windows by selectliegvfrom the menu.

2. New 2Dim Selecting this item will open a new 2D-form (see Chapter Srrd@gg on p. 59). Each 2D-form is
numbered when it is opened. You can access a list of all opematbws by selectinyiewfrom the menu.

3. New Audio Editor Selecting this item will open a new Audio Editor window (seea@ter 6 beginning on p. 85).
Each Audio Editor is numbered when it is opened. You can acadist of all opened windows by selectikgw
from the menu.

4. New Image ProcessorSelecting this item will open a new Image Processor windae (Shapter 7 beginning
on p. 89). Each Image Processor is numbered when it is op&oectan access a list of all opened windows by
selectingviewfrom the menu.

5. Open form You select this item in order to open a previously saved foeithér a 1D-form, a 2D-form, a
Spectrogram form, or a Scalogram form). A standandiows File Open dialog box opens up, from which you
can select a saved form to load. The file extensiatt is used for 1D forms, the file extensidw2 is used for
2D forms, the file extensiorspg is used for spectrograms, and the file extensémg is used for scalograms.

6. Open Sound File (*.wavThis item can be used for loading.@av audio file into the 1D-form. It is recom-
mended, however, that you use the method described in §&ttiall on p. 19 instead. Using that method will
help you to become familiar with the Popup menu techniqud Bxforms (see Section 2.12 beginning on p. 41
for a description of this Popup Menu).

7. Open Data File This item can be used for loading @bl data file into the 1D-form. It is recommended,
however, that you use the method described in Section 2dnlj2 19 instead. Using that method will help
you to become familiar with the Popup menu technique for @bk (see Section 2.12 beginning on p. 41 for a
description of this Popup Menu).

8. Save Form As Select this item in order to save all of your work in the 1D faiora file with extensionfwl .
The saved form can be reloaded later by seled@ipgn formfrom theFile menu.

9. Save Form When you have loaded a previously saved form and then maddioadidins to that form, then this
menu item becomes available for resaving the modified fosim@uthe same file name).
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Save Graph This choice allows you to save one of the graphs in the 1D-fiorm file, with extensionfbl .
Although this method can be used, it is recommended thatigbt+-click on the graph area (near the graph you
want to save) and then selegave graph/Graplfrom the Popup menu that appears.

Save Sound File (*.wav) This choice allows you to save one of the graphs in the 1D-foransound file, with
extensionwav . Although this method can be used, it is recommended thatigbd-click on the graph area
(near the graph you want to save) and then s&agt graph/Sound fifeom the Popup menu that appears.

Print  This section can be used to either print an individual grayb print the entire 1D form (as it is displayed
on screen). For further discussion, please go to Sectich@dh p. 41.

Close Selecting this choice will close the 1D fortarning: FAwAv does not prompt you to save the 1D form
if you have made modifications. If you want to save your woekshre and save the form (usiRie/Save Form
before you close it.

2.11.2 Edit

TheEdit menu contains 6 items, which we now examine.

1.

Points used Choose this item in order to change the number of points than¥ is using for plotting graphs.
The choices are

64 128 256 512 1024 2048 4096 8192 16384 32768 65536

with the presently used number of points preceded by a chadk(w). Warning: Choosing a new number of
points will erase all graphs from the screen, and from mepaysing you to lose that work (unless you have
previously saved it).

. Remove graph If you have one or more graphs displayed, then you can remwefthem (from the screen and

from memory) by selecting this item. If there is just one dralsplayed, then it will automatically be removed.
If there is more than one graph displayed, then a dialog bex®pn the right side of the form in which you enter
the number of the graph to remové/arning: you are not prompted with a question about whether or not you
really want to remove a graph, the graph is simply removedediately.

. Erase screen Choosing this item will remove all graphs from the screerd iom memory. Warning: All

graphs will be erased immediately, causing you to lose tloak \funless you have previously saved it).

. Remarks When you select this choice, then a text box opens on the rigtiteoform, where you can enter

remarks describing the work that you have performed in thisf This is especially useful for keeping a record
of your work if you intend to save the 1D-form.

. Caption Choosing this item allows you to edit the caption that appéatow the graph area. This caption can

also be edited by clicking on it.

. Screen capture This choice will create an image of the entirawav window, as it appears on screen, which

you can then paste into word processing documents likeR®PAD documents, or other documents in other
programs that accept MDows clipboard input (via @astecommand).

2.11.3 View

The menu itenViewcontains 6 items, which we now examine.

1.

Display style This procedure allows you to change the way in which grapbsiesplayed. The different modes
for graphing are organized into four categori€sid style, Plot style, Background col@ndX-Y intervals.
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(a) Grid style If you selectGraph paper,then the background of the graphs will consist of seven dotte
horizontal and seven dotted vertical lines (resemblinglgnaaper). If you selecAxes,then a horizontal
axis and vertical axis will be drawn on the screen. If you cgBdank, then the background of the graphs
will be empty.

(b) Plot style If you selectLines,then the values of graphs will be connected by line segm@&righe other
hand, if you selecDots,then the values of the graphs will be plotted as isolatedeglu

(c) Background color If you selectWhite,then the background of the graphs will be white, while if yelest
Black,then the background will be black.

(d) X-Y intervals Enter the endpoints (separated by a comma) ofthand Y4ntervals that you want dis-
played. For instance, if you entes3, 3 for the X-interval, then theX-interval for the graphs will bé-3, 3].
Note: The graphs will not be recomputed over this interval.

2. Window This choice causes the original- and Y-ntervals that were first used for graphing to be used for
regraphing. (You select this choice after those intervaletbeen changed in some way and you wish to restore
the original intervals.)

3. Redraw This choice will redraw the graphs on the screen.

4. Arrange windows This choice will perform automatic rearrangement of theifimss of multiple windows
within the main RwAv window.

TheViewmenu always has at its end a listing of all the windows thabasn within the Bwav workspace, so that you
can select which window to be the active one. [The presentiyeone is marked with a checkmark)).]

2.11.4 Graph

The Graphmenu contains 10 items, which we now describe.

1. Plot This item opens up the plotting dialog box on the right of thedew. See Section 2.1, beginning on p. 12,
for further discussion. There is also online help availdeselectingHelp for Graphingfrom the Help menu
when the plotting dialog box is displayed.

2. Audio This item opens up the Audio dialog box on the right of the windSee Section 2.8, beginning on p. 31,
for further discussion. There is also online help availdlyleselectingHelp for Audiofrom theHelp menu when
the Audio dialog box is displayed.

3. Quantize (8-bit) This procedure rounds graph values to integers betwee8 and127. It can be used for
producing8-bit sound data.

4. Quantize (16-bit) This procedure rounds graph values to integers betwed768 and32767. It can be used
for producingl6-bit sound data.

5. Denoise (Gabor) With this choice, you can denoise a signal via Gabor transdalso known as spectrograms).
A Blackman spectrogram (Gabor transform) will be autonadiifjccomputed and a denoising function will appear
as well. If you want to use this default denoising functidrert you click on thélot button and then seletitvert
from the spectrogram’s menu. For more discussion, seedpe®# beginning on p. 47.

6. Denoise (Wavelet) This procedure denoises a signal using eithesOBHRINK (when the box labeleAvgis not
checked), or using €CLE-SPIN averaging (when the box labeléagis checked). You select the type of wavelet
to use, and the number of levels (4 to 6 works best), and thektble Plot button to denoise.

7. Median denoise This procedure denoises a signal using+aoint median filter. It is used when there is “pop
noise” (also called “impulsive noise”) present.
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8. Adaptive median denoiseThis procedure denoises a signal using-point adaptive median filter. It is used
when there is “pop noise” (also called “impulsive noise”ggent. It usually performs a better denoising than
median denoising.

9. Down sample This procedure creates a new graph, from the graph that yecifgpby using only its even
indexed values. A new window appears that contains the griibliis down sampled graph. (Note: this procedure
is not available if the graph consists of ot points).

10. Interpolate This procedure creates a new graph, from the graph that yecifgpby inserting a new value at
each midpoint between each pair of its values. There are &y that this can be done.

(a) Haar interpolation Haar interpolation inserts a new value at each midpoint Bigagg the immediately
preceding function value. Thus producing a function whigpeats values two at a time.

(b) D-D 4,2 Interpolate This method of interpolation belongs to a type knownDseslauriers-Dubuc. It
is described in more detail iA Wavelet Tour of Signal Processingy Stephane Mallat (Academic Press,
1999). With this interpolation, the new function equalsdhiginal at the old data points, and has new values
at midpoints obtained via an inverse wavelet transformdpeing a better approximation to a continuous
function than with Haar interpolation).

2.11.5 Series

The series that are available with this menu item fall into tategories: (1) Fourier, Sine, and Cosine; (2) Wavelet,
Wavelet Packet. The three choices in the first category ageritbed in detail in Section 2.7, beginning on p. 27. And
the two choices in the second category are described in de@ection 2.3 on p. 21 and Section 2.5 on p. 23.

2.11.6 Transforms

The transforms that are available with this menu fall into vategories: (1) Fourier (see Section 2.6 on p. 23), Sine
(see Section 2.6.3 on p. 26), and Cosine (see Section 2.§.428); (2) Wavelet (see Section 2.2 on p. 21) and Wavelet
Packet (see Section 2.4 on p. 23).

2.11.7 Convolve

The three choices on ti@onvolvemenu are described in detail in Section 2.9 on p. 31.

2.11.8 Analysis

The Analysismenu contains 14 items. We describe these items in the 14&idnss that follow.

Statistics

This choice produces a printout on the right of the window arfiaus statistics summarizing the data consisting of a
signal’s values. For example, if the graph2af + 4 is plotted over the intervdg+0.5, 0.5] using1024 points, and this
procedure is invoked, then we get the following printout:

Maximum = 5

Minimum = 3

Mean = 4

Variance = .334310531616211
Std. Dev. = .578195928398161
Energy = 16742.333984375
Number of samples = 1025

Theoretical Dim = 984.264463088354
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Most of these values are elementary statistical measuhesEffergy is the sum of the squares of the values of the sig-
nal. TheNumber of samples is1 more than the number of points, because/kv always graphs a right-endpoint
in addition to a left-endpoint. Th€heoretical Dim is a quantity related to the ability to do a wavelet comp@ssi
of the signal [for more details, see the bodtavelet Analysis: From Theory to Softwédng M.V. Wickerhauser (AK
Peters, 1994)].

Norm difference

This choice allows you to compute various measures of thbajldifference between functions, typically used to
express the amount of error of one graph as approximant tih@ngraph. To compute the norm difference between
two displayed graphs, perform the following 4 steps.

1. In the text boxes labele@raphland Graph2enter the numbers for the two graphs whose norm differenae yo
want to compute.

2. Select theNorm type.There are two kindsSup normandPower norm.More details about these choices will be
given below.

3. Select whether the norm is to Bésoluteor Relative.

4. Click on the button labele@ompute.The norm difference will be computed and the result will beegiin the
text box below theComputebutton.

Note: Norm differences are computed over the region showscozen. This may represent a subinterval of the full
intervals over which the two graphs are defined, if you haxanged the display interval.

Definitions of various norm differences

We now describe the various norm differences that can be atadpFirst, assume thabsolutenorm differences are
computed. If éSupnorm is chosen, then the maximum absolute value of all diffees between the specified signals’
values is found, over the interval on which the graph is @igpdl, and this maximum is the Sup norm difference. If a
Powernorm is selected, then the power to be used must be specitiee iext box labele®ower. The powerp, must be
a number greater than or equalltoThe power norm difference is computed by forming a Riemamn approximation
to the integral of the power of the absolute value of the differences between the twohgragver the interval on which
the graph is displayed, and then taking tiferoot of the result. Note: If you checked the box labekatmalizedthen,
before thept™ root is taken, the approximate integral is divided by theytarof the interval on screen.

If Relativenorm differences are computed, then the absolute nornreiiftes described above are divided by the
norm of the graph specified &raph1l. That is, the norm difference is relative to the norm of Graph{\We discuss
norms in the next subsection.)

Norm

A Normof a graph is a numerical measure of its magnitude (we digbis$urther below). To compute the norm of a
displayed graph, perform the followingsteps.

1. In the text box labele@raph,enter the number for the graph whose norm you want to compute.

2. Select thdNorm type.There are two kindsSupnorm andPowernorm. More details about these choices will be
given below.

3. Select whether the norm is to Bésoluteor Relative.

4. Click on the button labele@ompute. The norm will be computed and the result will be given in the t@ox
below theComputebutton.
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Note: Norms are computed over the interval shown on screleis.rilay represent a subinterval of the full interval over
which the graph is defined, if you have changed the displayvat.

Definitions of various norms

We now describe the various norms that can be computed., &gstime thatbsolutenorms are computed. If &up
norm is chosen, then the maximum absolute value of all theifspa graph’s values is found over the interval on which
the graph is displayed, and this maximum is $§vgonorm. If aPowernorm is selected, then the power to be used must
be specified in the text box label®bwer. The powerp, must be a number greater than or equdl.tdhe power norm

is computed by forming a Riemann sum approximation to thegjiratl of the power p of the absolute value of the graph,
over the interval on which the graph is displayed, and thkimggthept" root of the result. Note: If you checked the box
labeledNormalizedthen, before the'" root is taken, the approximate integral is divided by thegtarof the interval

on screen.

Trace

This procedure can be used for reading off the values of th@adied graphs. As the function values are displayed on
the right, there arerosshairsdrawn on the graphs on the left to indicate where these fomethlues lie on each graph.

There are a couple ways to change the position of the crasshai

1. You can click on the screen at a point on a graph whose awateti you desire. If you click with the left mouse
button, then the crosshairs will move to the position that lrave clicked and the values will update on the right
side of the screen. If you click with the right mouse buttdwert you will also have the option of zooming in on
the point you have selected.

2. You can also use the button bar on the bottom left of the svindvhich has buttons labeled with the following
symbols:

<< < > >> L C R

To see how these buttons work it is best to just try them (aisatdescription of their properties can also be
found by simply resting the mouse on them and waiting for atshessage to appear).

Calculator

To perform a calculation with the calculator, proceed ao¥as.

1. Enter a formula for calculation in the text box at the topli?/formulas are ones that would be accepted by most
graphing calculators. For example, these three formulas

cos(pi/8)

sar(2)

gl(a)\a=4sqr(5)

are all valid formulas. Notice that in the last formula, weedisa command string to substitute the value of
4sqr(5) in place ofa in the formula. And notice also that this last formula uses ghaph variablgyl to
indicate that the first displayed graph should be used to oteng value forgl(a) . (More details on the
functions available can be found in Section 2.1 beginning.ai®.)

2. Click on the button labele@alculatein order to perform the calculation.
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Integral
To compute an integral of a displayed graph, perform thefahg 2 steps.
1. In the text box labele@raph,type in the number of the graph for which you want to computetegral.

2. Click on the button labele@ompute This will result in the computation of the integral, over thesrval on which
the graph is displayed. The result, which is a trapezoidalapproximation of the exact integral, is displayed in
the text box below th€omputebutton.

Derivative

To numerically approximate the first derivative of a disgldygraph, perform the following steps.

1. In the text box labele@raph, type in the number of the displayed graph that you want to @pprate the
derivative of.

2. Click on the button labele@ompute.The approximate derivative will then be displayed.

Technical note:The approximate derivative is accurate to fourth order. tihaif & is the value of the increment
separating successive abscissa values, then the erroedrethvis approximate derivative and the true derivative is a
multiple of h*, whenever the formula used to graph the function has at feemttinuous derivatives.

Scalar product
To compute a scalar product of two displayed graphs, pertbenfollowing steps.

1. In the text boxes labele@raphlandGraph2,enter the numbers of the graphs for which you want to compute a
scalar product.

2. Click on the button labele@ompute.This will result in the computation of the scalar producegnal over the
interval shown on screen. The result, which is a trapezaeidalapproximation of the exact integral, is displayed
in the text box below th€omputebutton.

Histogram

To compute a histogram of a displayed graph’s values, parthe following steps.
1. In the text box labele@raph,type the number of the graph for which you want to compute togiam.

2. From the list labeleuantization,select the number of levels (divisions of the range of valted¥e used for
computing the histogram.

3. If zero levels are to be included—this is known as uniforralacquantization—then check the box labeled
Include zero valuedf this box is not checked, then the method is known as dead-goantization.

If a sign bit is to be included (i.e., both positive and negatiglues are quantized), then check the box labeled
Include sign bit.If this box is not checked, then only absolute values are tigeah

4. To perform the histogram calculation, click on the butiireledPlot.

Note: The histogram is performed relative to the largestmitagde of the graph’s values (over the interval displayed)
and using only displayed values (so if you have zoomed injiigrthe region where you have displayed values is used
for the histogram). The abscissa values of the histogranthargraph maxima divided b¥ raised to the number of
bits used. For example, if the histogram i6-hit histogram, with sign-bit, then it will be graphed oJer32, 32] so the
values+32 correspond ta- M whereM is the maximum absolute value for the graph.
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Energy graph

This procedure produces a plot of the cumulative energyen$iinal over its abscissa values. You need to perform the
following 3 steps.

1. In the text box labele@Graph,enter the number of the graph for which you want to producenangy graph.

2. If you want the energy plotted according to percentagetaf energy, then you check the box labeRedicentage.
If this box is not checked, then the energy graph consistsrafaing total of the squares of the values of the
graph that you specified in Step 1. If this box is checked, themrunning total is divided in every instance by
the sum of all the squares (the total energy), producing aingrpercentage of total energy.

3. Click on the button labeleBlot. This will produce a display of the energy graph.

Sort magnitudes

This procedure rearranges the values of a graph in decgeasier of their magnitudes (ignoring signs). (If there is a
tie, then the values are left in their original order.) Ifthés just one graph displayed, then its values are immddiate
sorted and the resulting graph is displayed. If there is nttome one graph, then you must enter the number for the
graph that you want sorted in the text box labeG@phand click on the button labeleSiort.

Filtering

Filtering is performed (typically this is done to a Fourimarsform of some signal) using the followiigsteps.

1. Select the type dDatato be filtered. There are two typeRealor Complex.If you selectRealthen you must
enter the number of the graph for the real data in the text&logledGraph. If you selectComplexthen you must
enter the numbers of the graphs for the real and imaginatyg pthe complex data in the text boxes labeRezhl
andimag.

2. Select the type dfilter. There are two typeRealor Complex.f you selectRealthen you must enter the number
of the graph for the real filter in the text box label&daph. If you selectComplexthen you must type in the
numbers of the graphs for the real and imaginary parts of dingptex filter in the text boxes labeld®iealand
Imag.

3. To perform the filtering click on the button labelBébt. This will multiply the data function values by the filter
function values to produce the filtered function values.

Scalogram

This item allows you to perform a fundamental type of timeginiency analysis of a signal known ascalogram.It is
described in Chapter 4 beginning on p. 53.

Spectrogram

This item allows you to perform a fundamental type of timegiuency analysis of a signal known aspectrogram It
is described in Chapter 3 beginning on p. 45.

2.11.9 Help

This item typically has two choices. There is a general ahditelp for FAWAV (1D)which you choose to get the
general help for all of the features of the 1D-form. When aatdjdlox is open on the right side of the screen, there will
be a second choice specifically designed to access thedlégiie in the help file (a form of interactive help).
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2.12 The Popup menu for 1D Forms

If you right-click on the graph area on the left of a 1D-forthen a popup menu will appear with 14 items. We now
discuss each of these items.

2.12.1 Zoom

This choice will zoom-in to a region centered on the coorliaaf the tip of the mouse pointer (at the position where
you right-clicked on the graph area).

2.12.2 Expand

This choice will zoom-out to a region centered on the coatdia of the tip of the mouse pointer (at the position where
you right-clicked on the graph area).

2.12.3 Window

After zooming-in, this choice can be used to restore the vtiethe original graph region.

2.12.4 Sort magnitudes
See Section 2.11.8 on p. 40.

2.12.5 Energy graph
See Section 2.11.8 on p. 40.

2.12.6 Histogram
See Section 2.11.8 on p. 39.

2.12.7 Load

This choice can be used for loading a signal. There are twizebo(1)Graph(see Section 2.1.12 on p. 19); @dpund
(see Section 2.1.11 on p. 19).

2.12.8 Save graph

This choice can be used for saving a signal in one of two fasmglt) You selecGraphto save a signal in binary
fbl format (for loading using theoad/Graphmethod); (2) You sele@ound file¢o save a signal iwav format (for
loading using thé.oad/Soundnethod).Note: when saving a signal as a sound signalyav file, make sure that you
have played i{using theAudioselection on th&raphmenu) so that the various sound parameters are properly set.

2.12.9 Print graphs

You can print graphs directly to paper output, or print gsafha file (for later use in a document preparation system,
such asATpX).
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Printing graphs directly onto paper
To print the graphs on screen directly onto paper, you pertbe following6 steps.

1. From the list of choices, choosareethod of printingsuch as Small, top, left. These choices determine the size
of the printout and where it is positioned on the page.

. If you want the right-side labels (along the vertical) tofinted, then check the box labelRayht labels.
. If you want the lower labels (along the horizontal) to biafed, then check the box labeledwer labels.

. If you want the caption for the graph to be printed, therckhbe box labele€aption.

ga A WO DN

. Select whether the printout should be Monochrome or Cdloyou selectColor then the printout will work
properly if you have a printer that prints in color. Othergyig is best to seledtlonochromevhich usually prints
in black and white.

6. Click on one of the printout buttons, eithrint or Print and Eject. If you click on Print then the graph will
print, but will not eject from the printer. This allows forvaeal different graphs to be printed on the same page.
If you want to eject a printed page, then click on the buttdreladEject. If you want to print the graph and eject
the page, then click on the button labekdint and Eject.

Printing graphs to a file
To print graphs on screen to a file, you perform the follow2regeps.
1. Click on the button labeleSave Printout to File.

2. From the dialog box that appears, specify a file name foingathe printout data. Suppose this file name is
fname , then the data for printing graphs is saved in two filgme.bmp andfname_labels.tex . The
first file contains the bit-mapped data needed to create #phgthe second file contains the data needed to label
thez- andy-axes for this graph.

For further information on how to include this printout inettfTEX document preparation system, see the article,
IATEX Graphics withFawAv, which is in the\LaTeX subdirectory of the Bwav directory (as both & IEX file and a
PostScript file).

2.12.10 Clip

This procedure is used to clip a portion of a graph, therebwtang a smaller size graph (using less points). To clip
a portion of a graph, isolate that portion on screen (by clmanthe horizontalX -interval that is displayed) and then
right-click on the graph area and sel@lip graph. If there is only one graph on screen, then the portion of tlhagiyr
that is displayed is converted into a separate graph (gieglan a new window). Note: The number of points for the
new graph must be a power of two, consequently if the portfdh@graph displayed on screen does not consist of a
power of two humber of points, the clipped graph will haveoseappended to its end values in order to have a power
of two number of points.

If there is more than one graph, then a dialog box appearseonght of the window, and you specify which graph
you want to clip by entering its number in the text box labeBrdphand then clicking on the button label&dip.

2.12.11 Copy graph

This procedure is used to copy the data from a selected sitfritakere is only one graph on screen, then this graph is
immediately copied into memory from which it can then be edsinto a 1D-form.

If there is more than one graph, a dialog box appears on theafghe window, and you specify which graph you
want to copy by entering its number in the text box labe&lephand then clicking on the button labelE€abpy.
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2.12.12 Paste graph

After a graph has been copied (as described in the previens,ithen this choice is used for pasting it (graphing it)
into a 1D-window. The graph can be pasted as many times as ighuas long as another graph is not copied in the
meantime.

Note: If you choose to paste a graph on a screen that is already iedcoy a graph that uses a different number of
points, then a new window is opened and the graph is pastethemhew window.

2.12.13 Remove graph

This choice is used to remove a graph from the screen. If tisevaly one graph displayed, then it is immediately
removed. If there is more than one graph, then a dialog borpe the right of the screen, and you enter the number
of the graph that you want to remove in the text box lab&ealph,and then click the button labelétemove.

Warning: Once the graph has been removed, it cannot be restored. ifdlddita is lost, unless you have saved it.

2.12.14 Copy graph to clipboard

This procedure is used to copy graph data for use in otheramaogy If there is only one graph on screen, then the data
for this graph is immediately copied into memory from whitlean then be pasted onto a 1D-form. If there is more
than one graph, then you specify which graph you want to cgpybing in its number in the textbox label&taph
and then clicking on the button label&€dbpy.

This procedure is included for exporting FAWAV function dab other programs, such ag €eL, using the WN-
pows clipboard. If you are just copying and pasting withimWav , then we recommend that you use epy graph
method described above.

2.12.15 Paste graph from clipboard

After a graph has been copied to the clipboard (as describeeean Copy graph to clipboary then it can be pasted
into any 1D-form by right-clicking on the graphbox and séleg this procedure. The graph can be pasted as many
times as you wish as long as other data is not copied to thé@ig in the meantime.

Note: If you choose to paste a graph on a screen that is already iedcoy a graph that uses a different number of
points, then a new window is opened and the graph is pastethetnew window.

This procedure is mainly included for the purpose of impartexternal data (from programs such asGEL or
NOTEPAD). If you are just copying and pasting withirawav, then we recommend that you use the meth@dpy
graphandPaste graphdescribed above.

2.12.16 Display cursor coordinates

You select this choice in order to provide a readout of cowtdis in the graph area. Its default settingffsand it is
listed without a checkmark'. When you select it that setting changestand this choice has a checkmafkattached

to it. When the setting isnthe mouse cursor changes torasshairappearance within the graph area, and a readout is
given of thex- andy-coordinates located at the central point of this crosshair
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Chapter 3

Spectrograms (Gabor transforms)

To compute a spectrogram for a displayed graph, séleatysisand Spectrogranfrom the 1D-form menu (as men-
tioned on p. 33 and p. 40). If only one graph is displayed theispectrogranwindow opens with that graph displayed
at the bottom. If more than one graph is displayed, then yost mter the number for that graph and press3élect
button. TheSpectrogranwindow will then open up with the selected graph displayeithatottom.

On the right side of th&pectrogranwindow will be a dialog box for producing the spectrogramefiéare several
aspects to this, including the following topics:

1.

2
3
4
5.
6
7
8
9

Computing the spectrogramSee Section 3.1 on p. 45.

. Modifying the spectrogram See Section 3.2 on p. 46.
. Inverting the spectrogram See Section 3.3 on p. 47.

. Denoising the spectrogramSee Section 3.4 on p. 47.

Changing the appearance of the spectrograf®ee Section 3.5 on p. 47.

. Printing the spectrogram See Section 3.6 on p. 48.
. Saving the spectrogramSee Section 3.7 on p. 48.
. Recording information See Section 3.8 on p. 49.

. Spectrogram menu itemsSee Section 3.9 on p. 49.

We now discuss each of these topics.

3.1 Computing the spectrogram

This procedure (which can be invoked by selectBrgph/Spectrograrfrom theSpectrogrammenu) is used to perform
a calculation of a spectrogram of the signal displayed abdteom of the window. You perform the following 4 steps:

1.

2.

In the text box labelewindow lengthenter the length of the sliding window of data to be transfedmYou must
enter a power of two (eithel6, 32, 64, 128, 256, 512, or 1024).

In the text box labele&tep sizeenter the number of values by which the sliding window istekiiffor each
successive transform. This value must be at l¢éastd no larger than the window length.

Warning: A bad choice oWindow lengthand Step sizewill produce a spectrogram that is incomplete. This
usually occurs when either of these values are too smalidfitappens, then selddelp/Initialize.

45
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3. Choose #ilter from the given list. The filters that can be selectedBlexzkman, Gauss, Hamming, hanniagd
Boxcar. Here are descriptions of each of these choices:

Blackman. This choice, called 8lackman windowmaodifies the data within a window of lengthN by
multiplying the signal values (frorh = 0 to £ = N) by the window function

0.42 + 0.5 cos(km/N) + 0.08 cos(2k7/N)

Blackman windowing reduces the “leakage” or “smearingéefthat arises from approximating continuous
frequencies by discrete ones.

Gauss.This choice, called &auss windownodifies the data within a window of lengffi by multiplying
the signal values (fromh = 0 to £ = V) by the window function

674.5(k/N)2

Gauss windowing reduces the “leakage” or “smearing” effeat arises from approximating continuous
frequencies by discrete ones.

Hamming. This choice, called &damming windowmodifies the data within a window of lengtN by
multiplying the signal values (frorh = 0 to £ = N) by the window function

0.54 + 0.46 cos(km/N)

Hamming windowing reduces the “leakage” or “smearing” efftbat arises from approximating continuous
frequencies by discrete ones.

hanning. This choice, called &lanning windowmodifies the data within a window of lengf¥i by multi-
plying the signal values (frorh = 0 to £k = N) by the window function

0.5+ 0.5cos(km/N)

Hanning windowing reduces the “leakage” or “smearing” effihat arises from approximating continuous
frequencies by discrete ones.

Boxcar. This choice, called either Boxcar windowor arectangular windowmodifies the data within a
window of lengthN by multiplying the signal values (frorh = 0 to £ = NN) by the window function

1

This choice is included mostly in order to illustrate the shém the other window types. If Boxcar window-
ing is done, then the spectrogram will appeared as if it iss@rad.” This “smearing” effect, also known as
“leakage,” arises from approximating continuous frequesby discrete ones.

4. Click on the button labele@ompute.This will produce the spectrogram of the graph you have $ipelci

3.2 Modifying the spectrogram

There are two ways to modify the spectrogram. You can perofimesholdoperation, or you can perform@raphing
operation.

Thresholding

To apply a threshold to a spectrogram see@ph/Thresholdand then enter a value (no more than the maximum value
displayed above the input box) for this threshold, and ctlekApply button. All values of the spectrogram whose
magnitudes are less than this value are set equal to zerdhamew spectrogram is displayed. Thresholding is useful
for removing background noise. Usually inversion is parfed after thresholding.
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Graphing

Graphing is useful for selecting a portion of the spectrogeand performing modifications of the spectrogram. For
example, if you enter the formula

g1(0.2 <= x <= 0.7)(158 <=y <= 1227)

then all values of the spectrogram for poifsy) that are outside of the rectangdl®2, 0.7] x [158,1227] will be set
equal to zero, and all values for poirfts y) that are within the rectangle will be left as is. The variailerefers to the
magnitude of the spectrogram values only.

The graphing procedure uses methods from the 2D-form gngptriocedures. See Chapter 5 on p. 59 for more
information. See also Section 3.4 on p. 47 which describasdraphing is used for denoising a spectrogram. There
is also online help available (just selételp/Help for plotting graph$rom the spectrogram menu when the graphing
text box is open).

Usually an inversion operation is performed after makingapbing modification of the spectrogram.

3.3 Inverting the spectrogram

This procedure, which is invoked by selecti@gaph/Invert,will perform an inversion of the spectrogram back to a
signal. If you have not modified the spectrogram, thenlthisrt procedure should produce an excellent approximation
of the original signal (equal to the original except for tiflgating point roundoff errors).

You can alsdnvert after making modifications. This is useful for removing mofafter thresholding for example),
or for capturing a particular frequency band (say from a méed voice or a piece of recorded music) by using the
graphing method.

3.4 Denoising the spectrogram

To perform various types of denoising of a spectrogram, yecsGraph/Denoisend a denoising function will appear
on the left of the window (see Figure 3.1). You can then cliekRlot button to denoise the spectrogram, followed by
Graph/Invertto produce a denoised signal.

You can also modify the denoising function that appearseérgttaphing window to perform more elaborate denois-
ing. Examples of this are given i Primer on Wavelets and their Scientific Applications, &ddedition.

3.5 Changing the appearance of the spectrogram

You can change the appearance of the spectrogram by sglBasiplay stylefrom theViewmenu. The dialog box that
appears on the right of the window allows you to change the tayspectrogram is displayed in the following three
ways:

1. Select a method by whidflagnitudeof the spectrogram’s values are computed. The four choiees a
Log (global) Magnitudes are displayed on a logarithmically graded sitgrscale relative to the maximum
of all spectrogram magnitudes.

Log (local) Magnitudes are displayed on a logarithmically graded sitgrscale relative to the maximum
of all spectrogram magnitudes along each vertical timeesli

Linear (global) Magnitudes are displayed on a linearly graded intensitiesedative to the maximum of
all spectrogram magnitudes.

Linear (local) Magnitudes are displayed on a linearly graded intensitjesedative to the maximum of
all spectrogram magnitudes along each vertical time-slice



48 CHAPTER 3. SPECTROGRAMS (GABOR TRANSFORMS)

2. Select a method for how the signal is displayed at the bottbthe window. If you seledDots, then the signal
values are plotted as isolated dots. If you seléges,then line segments are drawn between signal values, thus
producing a more connected graph.

3. Select whether thilagnitudeof the spectrogram values are plotted, or whetPlase valueare plotted. When
phase values are plotted, the darker values are negativth@mdhiter values are positive.

3.6 Printing the spectrogram

To print the spectrogram, seldetint from theFile menu. A dialog box appears from which you can choose to either
print the spectrogram window, or copy the spectrogram wintibthe clipboard, or save the spectrogram window to a
file (as abmp image).

Warning: In each of these cases the entire window of the sgggeim form, as it appears on screen, is printed (or
copied, or saved). If you do not want the dialog box on thetrgitie of the window to be printed, then you must first
slide the right edge of the window over so as to hide this didlox.

3.7 Saving the spectrogram

To save the spectrogram, sel&dve As..from theFile menu. A standard dialog box appears from which you can
choose where to save the spectrogram and what name to sadit u

Graph

826875 [o1]lg1 > clic="55sqr[2loqg[1024])*
(11927 =qr[1024]

ARem To denoise. plot this function and
then zelect Invert.

E5iz 5 Previous | Netformula| Load | Save | Help |

275625

478040 non-zero ralues.

729 4% of total. 0.1:1 compression.

Figure 3.1
Example of a denoising function.
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3.8 Recording information

SelectingView/Informationallows you to view some basic information about the specaog(type, window length,
etc.). You can also write your own information into this bard it will be saved along with the spectrogram (see Saving
the spectrogram).

3.9 Menu ltems for Spectrogram form

3.9.1 File

TheFile menu has the following 9 items.
1. New 1D-form This allows you to open a hew 1D-form. See Chapter 2 beginoing. 11.

. New 2D-form This allows you to open a new 2D-form. See Chapter 5 beginaing. 59.
. New Audio Editor This allows you to open a new Audio Editor form. See Chapteedrming on p. 85.

. New Image ProcessorThis allows you to open a new Image Processor form. See Qhaptginning on p. 89.

. Save This allows you to resave a spectrogram file (extensipg ) that you have modified.
. Save As This allows to save a spectrogram form to a file (extenspg ).

2

3

4

5. Open This allows you to open a previously saved spectrogram (avftleextensionspg ).

6

7

8. Print This allows you to print the spectrogram. See Section 3.6.d8 ffor further discussion.
9

. Close This closes the spectrogram form. Warning: You are not ptethps to whether you wish to save your
work.

3.9.2 View

TheViewmenu contains the following items.

1. View cursor coordinates This is a switch on the View menu, switched and off by clicking on it. When
this choice ison, then by moving the mouse cursor over the spectrogram plotgauead off the approximate
coordinates (time, frequency) of the point of the mousevarfidis is especially useful when you want to modify
regions of the spectrogram (using Beaph/Plotprocedure).

2. Display style This choice allows you to change the appearance of the ggeatn. It is discussed in detail in
Section 3.5 on p. 47.

3. Information SelectingView/Informationallows you to view some basic information about the specaog
(type, window length, etc.). You can also write your own mmf@tion into this box, and it will be saved along
with the spectrogram (saving the spectrogram is discuss8ddtion 3.7 on p. 48).

4. Modification Report This dialog box, which is activated by selectivgew/Modification Reportecords any
modifications that have been made on the spectrogram. Sudffications can be done by thresholding or by a
graphing operation.

Warning (bug): Do not modify the statements made in this box. Doing so witrgpt the spectrogram file,
when you save it. This is becausaWav uses these statements to reconstruct the spectrogram whespgn
the saved file.

5. Arrange This choice will perform automatic rearrangement of theitpmss of multiple windows within the
main FAwAv window.

TheViewmenu always has at its end a listing of all the windows thabaen within the Bwav workspace, so that you
can select which window to be the active one. [The presentiyeone is marked with a checkmark)).]
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3.9.3 Graph

The graph menu has the following 8 items:

Spectrogram

This choice opens up the dialog box for computing a speciragiSee Section 3.1 on p. 45.

Plot

This choice allows you to plot a graph in the spectrogram windJsing the variablgl you can modify spectrogram
magnitudes. Examples of graphing are given in Section 3.@.a@6. More examples are discussedAifPrimer on
Wavelets and their Scientific Applications, Second Edition

Audio

This choice allows you to play the signal whose spectrogramldieen computed. The options are all discussed in
Section 2.8 on p. 31.

Threshold

To apply a threshold to a spectrogram you enter a value (ne than the maximum value displayed above the input
box) for this threshold and then click tiAgply button.

All values of the spectrogram whose magnitudes are lessttiismalue are set equal to zero, and the new spectro-
gram is displayed. If you are not satisfied with the results, gan restore the original spectrogram by seled®agtore
from theGraphmenu.

Denoise

This choice allows you to perform denoising. For more dstsdéle Section 3.4 on p. 47.

Percussion scalogram

This choice is used for analyzing percussion passages iicmitsis described iPA Primer on Wavelets and their
Scientific Applications, Second Edition.

Invert

This selection inverts the spectrogram. See Section 3.3 47.p

Restore

This selection restores the original spectrogram. It isallginvoked after a modification which did not produce the
desired results.

3.9.4 Help

This item typically has two choices. There is a general ahdielp (spectrogram)which you choose to get the general
help for the spectrogram form. When a dialog box is open onitji side of the screen, there will be a second choice
specifically designed to access the desired topic in theftiel@ form of interactive help).
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3.10 The Popup menu for spectrograms

If you right-click on the graph area on the left of a spectamgiform, then a popup menu will appear with 9 items. We
now discuss each of these items.

3.10.1 Print
This selection is used for printing the spectrogram. Se&@e8.6 on p. 48.

3.10.2 Plot graph
This selection is the same &saph/Plot. See Section 3.2 on p. 46.

3.10.3 Threshold
This selection is the same &saph/ThresholdSee Section 3.2 on p. 46.

3.10.4 Invert

This selection is the same &saph/Invert See Section 3.3 on p. 47.

3.10.5 Restore

This selection is the same &aph/Restorgit restores the original spectrogram. It is usually inwbledter a modifica-
tion which did not produce the desired results.

3.10.6 Display style

This selection is the same ®ew/Display styleSee Section 3.5 on p. 47.

3.10.7 Copy signal

This selection will graph the signal displayed at the bottdfrthe window in a new 1D-form.

3.10.8 \Vertical slice

This selection, which is available when the viewing of cuismrdinates has been activated (Vieaw/View cursor coor-
dinateg, will graph the real and imaginary parts of the spectrogitmanew 1D-form at the time-coordinate displayed
when you right-click on the spectrogram. You can then pletgpectrum of the signal at the time-coordinate by plotting
the functionsqr(g1(x)"2+g2(x)"2) , or you could plot its power spectrum by plottigd(x)"2+g2(x)"2

3.10.9 Horizontal slice

This selection, which is available when the viewing of cursaordinates has been activated (View/View cursor co-
ordinateg, will graph the real and imaginary parts of the spectrogmnara new 1D-form at the frequency-coordinate
displayed when you right-click on the spectrogram.
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Chapter 4

Scalograms
(Continuous wavelet transforms)

To compute a scalogram for a displayed graph, séleelysisand Scalogranfrom the 1D-form menu (as mentioned
on p. 33 and p. 40). If only one graph is displayed thenSbalogramwindow opens with that graph displayed at the
bottom. If more than one graph is displayed, then you mustréhe number for that graph and press $méectoutton.
The Scalogramwindow will then open up with the selected graph displayeithatottom.

On the right side of th&calogramwindow will be a dialog box for producing the scalogram. Thare several
aspects to this, including the following topics:

1. Computing the scalogramSee Section 4.1 on p. 53.
. Modifying the scalogram See Section 4.2 on p. 54.
. Inverting the scalogram See Section 4.3 on p. 54.

. Changing the appearance of the scalograrBee Section 4.4 on p. 55.

2

3

4

5. Printing the scalogram See Section 4.5 on p. 55.
6. Saving the scalogram See Section 4.6 on p. 56.
7. Recording information See Section 4.7 on p. 56.
8. Scalogram menu itemsSee Section 4.8 on p. 56.

We now discuss each of these topics.

4.1 Computing the scalogram

This procedure (which is normally invoked by selecti®aph/Scalogranfrom the menu) is used to perform a calcu-
lation of a scalogram of the signal displayed at the bottothefwindow. You perform the followin§ steps:

1. In the text box labele@ctavesenter the number of octaves. This should be a positive intiege 1 to 256.
Normally this number should be no greater tigaor 10.

2. In the text box labeledoicesenter the number of voices. This is a positive integer. Tlepct of the number of
voices times the number of octaves is restricted to be ndgréan256.

3. From the text box labeled/aveletchoose the analyzing wavelet to be used.
53
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4. In the text box labeledVidth enter the width to be used for the wavelet. This should be @&iyp®osnumber
(typically no greater than half the length of the intervaépowhich the signal is displayed). The shorter the width,
the more the energy of the wavelets are concentrated withaller regions. The width determines the constant
of proportionality,c, that relates the reciprocal scale values (along the a#ids of the scalogram) to frequency
values (the smaller the width, the larger this constant opprtionalityc).

5. If you choose one of the Gabor wavelets, then you also nmist a value for frequency in the text box labeled
Freq. With Gabor wavelets, there is a simple formula that relatiehyw, and frequencyy, to the constant of
proportionality,c. Itis

c=v/w.

6. To plot the scalogram, click on the button labetammpute

The general theory of scalograms is described in Chapter®6Rrimer on Wavelets and their Scientific Applications
and also in the articléTime-frequency Analysis of Musical Instrumently J.S. Walker and J.F. Alm, referencedAn
Primer on Wavelets and their Scientific Applicatiomfie Mexican hat and Gabor scalograms are discussed ithidetai
A Primer on Wavelets and their Scientific Applications

4.2 Modifying the scalogram

There are two ways to modify the scalogram. You can perfoithrasholdoperation, or you can perform@raphing
operation.

Thresholding

To apply a threshold to a scalogram selécaph/Thresholdand then enter a value (no more than the maximum value
displayed above the input box) for this threshold, and ctio& Apply button. All values of the scalogram whose
magnitudes are less than this value are set equal to zerthendw scalogram is displayed. Thresholding is useful for
removing background noise. Usually inversion is perforrafter thresholding.

Graphing

Graphing is useful for selecting a portion of the scalogracherforming modifications of the scalogram. For example,
if you enter the formula

g1(0.2 <= x <= 0.7)(158 <= y <= 1227)

then all values of the scalogram for poirfts y) that are outside of the rectandle2,0.7] x [158,1227] will be set
equal to zero, and all values for poirfts y) that are within the rectangle will be left as is.

With a complex-valued scalogram (i.e., the Gabor scaloyrtma variablegl refers to the magnitude of the scalo-
gram values only. The effect of the formula above on a Gabalogcam, would be the same, however.

The graphing procedure uses methods from the 2D-form gngptriocedures. See Chapter 5 on p. 59 for more
information. There is also online help available (just seldelp/Help for plotting graphgrom the scalogram menu
when the graphing text box is open).

Usually an inversion operation is performed after makingagbing modification of the scalogram.

4.3 Inverting the scalogram

This procedure, which is invoked by selecti@gaph/Invert,will perform an inversion of the scalogram back to a
signal. If you have not modified the scalogram, and you madeliaipus choice of number of octaves and voices so as
to capture a sufficient amount of the frequency content obthgnal signal, then thignvert procedure should produce

a good/excellent approximation of the original signal.
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You can alsdnvert after making modifications. This is useful for removing mofafter thresholding for example)
or for capturing a particular frequency band (say from améed voice or a piece of recorded music).
There are three methods that you can choose for invertings@three methods are:

1. Wavelets.This method produces an inversion by summing multiples dfssand scalings of the basic wavelet
used to produce the scalogram.

2. Wavelets and Scaling functioriBhis method includes, along with the wavelets, low-frequesata that produces
what are called scaling functions. This method will somesrmerform better on signals with a large amount of
energy in lower frequencies.

3. Damped trigonometric functionslhis method consists of canceling out the effects of theetatipns with the
wavelets by simple division. It will sometimes work moreeeffively than the above two methods, but it bears no
relation to the wavelets used to produce the scalogram.

4.4 Changing the appearance of the scalogram

You can change the appearance of the spectrogram by sglBasiplay stylefrom theViewmenu. The dialog box that
appears on the right of the window allows you to change the tivayspectrogram is displayed in the following three
ways:

1. Select a method by whidWlagnitudeof the spectrogram’s values are computed. The four choiees a

Log (global) Magnitudes are displayed on a logarithmically graded sitgiscale relative to the maximum
of all spectrogram magnitudes.

Log (local) Magnitudes are displayed on a logarithmically graded sitgrscale relative to the maximum
of all spectrogram magnitudes along each vertical timeesli

Linear (global) Magnitudes are displayed on a linearly graded intensitiesedative to the maximum of
all spectrogram magnitudes.

Linear (local) Magnitudes are displayed on a linearly graded intensitlesedative to the maximum of
all spectrogram magnitudes along each vertical time-slice

2. Select a method for how the signal is displayed at the botibthe window. If you seledDots, then the signal
values are plotted as isolated dots. If you seleaes,then line segments are drawn between signal values, thus
producing a more connected graph.

3. If you are plotting a Gabor scalogram, then you can alsecs@thether thélagnitudeof the scalogram values
are plotted, or whethdPhase valueare plotted. When phase values are plotted, the darker vateasegative
and the whiter values are positive.

4.5 Printing the scalogram

To print the scalogram, seleBtint from theFile menu. A dialog box appears from which you can choose to either
print the scalogram window, or copy the scalogram windovh&dlipboard, or save the scalogram window to a file (as
a.bmp image).

Warning: In each of these cases the entire window of the grao form, as it appears on screen, is printed (or
copied, or saved). If you do not want the dialog box on thetrgite of the window to be printed, then you must first
slide the right edge of the window over so as to hide this didlox.
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4.6 Saving the scalogram

To save the scalogram, sel&zve As..from theFile menu. A standard dialog box appears from which you can choose
where to save the scalogram and what name to save it under.

4.7 Recording information

Selectingview/Informatiorallows you to view some basic information about the scalogitspe, window length, etc.).
You can also write your own information into this box, and itlwe saved along with the scalogram (see Saving the
scalogram).

4.8 Scalogram menu items
4.8.1 File

TheFile menu has the following 9 items.
1. New 1D-form This allows you to open a new 1D-form. See Chapter 2 beginoing. 11.
. New 2D-form This allows you to open a new 2D-form. See Chapter 5 beginoing. 59.
. New Audio Editor This allows you to open a new Audio Editor form. See Chapteedrming on p. 85.
. New Image ProcessorThis allows you to open a new Image Processor form. See Qhaptginning on p. 89.
. Open This allows you to open a previously saved scalogram (a fille @itensionspg ).
Save This allows you to resave a scalogram file (extenssug ) that you have modified.
. Save As This allows to save a scalogram form to a file (extenssmy ).

. Print  This allows you to print the scalogram. See Section 4.5 orb ffobfurther discussion.

. Close This closes the scalogram form. Warning: You are not prothpteto whether you wish to save your
work.

4.8.2 View
TheViewmenu contains the following items.

1. View cursor coordinates This is a switch on the View menu, switched and off by clicking on it. When
this choice ison, then by moving the mouse cursor over the scalogram plot yauead off the approximate
coordinates (time, frequency) of the point of the mousevariidis is especially useful when you want to modify
regions of the scalogram (using t@eaph/Plotprocedure).

2. Display style This choice allows you to change the appearance of the geaoglt is discussed in detail in
Section 4.4 on p. 55.

3. View only scalogram This choice removes the right side of the form (where dialogels appear) so that only
the region where the scalogram is displayed appears. Afi&imyg this choice, it can be undone by clicking on it
again.

4. Information Selectingview/Informationallows you to view some basic information about the scalogftype,
window length, etc.). You can also write your own informatiato this box, and it will be saved along with the
scalogram (saving the scalogram is discussed in Sectioon4ps 56).
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5. Modification Report This dialog box, which is activated by selectidew/Modification Reportecords any
modifications that have been made on the scalogram. SucHicatidins can be done by thresholding or by a
graphing operation.

Warning (bug): Do not modify the statements made in this box. Doing so withept the scalogram file, when
you save it. This is becaus@aWwAv uses these statements to reconstruct the scalogram wheapgauhe saved
file.

6. Arrange This choice will perform automatic rearrangement of theitpmss of multiple windows within the
main FAwAv window.

TheViewmenu always has at its end a listing of all the windows thabae:n within the Bwav workspace, so that you
can select which window to be the active one. [The presesgtiyeaone is marked with a checkmark).]

4.8.3 Graph

The graph menu has the following 6 items:

Scalogram

This choice opens up the dialog box for computing a scalogfem Section 4.1 on p. 53.

Plot

This choice allows you to plot a graph in the scalogram winddiging the variablegl you can modify scalogram
values (or magnitudes when a Gabor scalogram is computedmfies of graphing are given in Section 3.2 on p. 46.
More examples are discussedArPrimer on Wavelets and their Scientific Applications, $eldadition.

Audio

This choice allows you to play the signal whose scalogrambesn computed. The options are all discussed in
Section 2.8 on p. 31.

Threshold

To apply a threshold to a scalogram you enter a value (no rharethe maximum value displayed above the input box)
for this threshold and then click thgpply button.

All values of the scalogram whose magnitudes are less thardlue are set equal to zero, and the new scalogram
is displayed. If you are not satisfied with the results, you istore the original scalogram by selectiRgstorefrom
the Graphmenu.

Invert

This selection inverts the scalogram. See Section 4.3 oA.p. 5

Restore

This selection restores the original scalogram. It is Uguavoked after a modification which did not produce the
desired results.

4.8.4 Help

This item typically has two choices. There is a general ahdielp (scalogram)which you choose to get the general
help for the scalogram form. When a dialog box is open on tha& sgle of the screen, there will be a second choice
specifically designed to access the desired topic in theftiel@ form of interactive help).
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4.9 The Popup menu for scalograms

If you right-click on the graph area on the left of a scalogifanm, then a popup menu will appear with 9 items. We
now discuss each of these items.

49.1 Print

This selection is used for printing the scalogram. See &edti5 on p. 55.

4.9.2 Plot graph
This selection is the same &saph/Plot.See Section 4.2 on p. 54.

4.9.3 Threshold
This selection is the same &saph/ThresholdSee Section 4.2 on p. 54.

494 Invert

This selection is the same &saph/Invert See Section 4.3 on p. 54.

4.9.5 Restore

This selection is the same @saph/Restorgit restores the original scalogram. It is usually invokéeiaa modification
which did not produce the desired results.

4.9.6 Display style

This selection is the same ®ew/Display styleSee Section 4.4 on p. 55.

4.9.7 Copy signal

This selection will graph the signal displayed at the bottdfrthe window in a new 1D-form.

4.9.8 \Vertical slice

This selection, which is available when the viewing of cursoordinates has been activated (Viaw/View cursor co-
ordinateg, will graph the real and imaginary parts of the scalogram imew 1D-form at the time-coordinate displayed
when you right-click on the scalogram.

4.9.9 Horizontal slice

This selection, which is available when the viewing of cursoordinates has been activated (Viaw/View cursor co-
ordinategy, will graph the real and imaginary parts of the scalograna inew 1D-form at the frequency-coordinate
displayed when you right-click on the scalogram.
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Processing 2D Signals (2D-form)

To work with 2D signals, click on thEile menu, and then selebiew 2 Dim.The window shown in Figure 5.1 appears.
A description of each of the 9 menu items will be given at the efithis chapter (see Section 5.11 on p. 76). But first
we describe how to use this form for basic signal processiige procedures that are available for working with 2D
signals include the following:

1. Graphing formulas and external dat®ou can plot graphs of elementary functions studied in algabd calculus
(see Section 5.1 on p. 60.) Or, you can load external dataSseton 5.1.12 on p. 66). Or, you can load image

File Edit ‘iew Graph Analysis  Help

Figure 5.1
The window that opens whenNew 2D-form is selected.

59
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files (see Section 5.1.10 on p. 65).

2. Wavelet transformsThese are the Haar, DaubJ, Coifl transforms, and biorthalgeavelet transforms, described
in A Primer on Wavelets and their Scientific ApplicatioBge Section 5.2 on p. 66.

3. Wavelet seriesThese are the Haar, DaubJ, Coifl series, and a selectiowthbgonal wavelets series, described
in A Primer on Wavelets and their Scientific ApplicatioBge Section 5.3 on p. 67.

4. Fourier series and transform3.hese are the classic Fourier series and transforms implechesing FFTs. See
Section 5.6 on p. 68.

5. Convolutions and Correlationg.here are procedures for calculating the convolution of sigoals, for calculat-
ing the correlation between two signals, and for calcutpéin auto-correlation of one signal. See Section 5.8 on
p. 71.

6. Image Compression and Denoisinfiwo important methods in image processing are compresSieatipn 5.9
on p. 72) and denoising (Section 5.10 on p. 74).

There are also a number of routines for numerical analyskba$ignals, these are grouped under Amalysischoice
on the menu (see Section 5.11.8 on p. 79).

5.1 Graphing formulas and external data

Data can be plotted in the 2D-form in one of three ways: (1jtiplg an elementary formula from algebra or calculus,
(2) loading an image file, (3) loading a data file. We descrieheof these methods in order.
5.1.1 Plotting a formula

To plot an elementary formula you seléataph, followed by Plot from the menu. A dialog box opens up on the right
of the window, with a text box at the top for entering your falm To graph a formula over an interval, perform the
following steps:

1. Enter a formula in the text box at the top of the dialog boke Bimplest way to begin graphing formulas is to
use the kind that graphing calculators use. For exampldptlosving two formulas:

33X + 7y
4sin(3pi xy-2) - 5cos(4pi xy-5)

are both valid formulas in&/&wvav . The second formula uses the expresgibrior the constant. For many more
examples, see Sections 5.1.2 through 5.1.12.

2. Specify the value of. to be used for the domajr-L, L] x [—L, L]. For example, if you specify thdt = 2 then
the domain used for graphing will §e-2, 2] x [—2, 2].

3. Click on the command button label&lot. Assuming all the data are correctly specified, this will proel a
graph in the graph area on the left of the window.

Formula command buttons There are five command buttons at the bottom of the formutebt@x Here are descrip-
tions of each of these command buttons.

Previous If you have graphed more than one formula, then by clickinghismbutton you can recall previously
entered formulas.
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Next formula If you have clicked on th@reviousbutton one or more times, then you can go forward in the list
of formulas by clicking on this button. If you have not clickéhe Previousbutton, then clicking this button will
clear the text box completely and you can enter a new formula.

Load Click on this button in order to retrieve a formula that yoepously saved.
Save Click on this button in order to save the formula that is pnélgadisplayed in the text box.

Help Click on this button in order to get help on creating formulas

5.1.2 Formulas for 2-dimensional graphs

Formulas for graphing are constructed using pre-definedtifums, as well as various logical operations, or sums, or
products. In Sections 5.1.3 through 5.1.9 we discuss ah@bperations that can be employed in graphing formulas.
These operations are mostly the same as for 1D formulas {hétlexception of graph variables, and thas NOT a
parameter in 2D), but we list them here again for the converief the reader.

5.1.3 Functions supported

There are a number of pre-defined functions. We list them ineg@o categories: (1) thelementary functionsf the
kind encountered in calculus, and (2) certgirecial function®f a miscellaneous nature.

Elementary functions

Fawav employsl1 elementary functions, which we now list.

1. abs The absolute value functioaps( ) , returns the absolute value of its argument, elgs(—5) = 5 and
abs(5) = 5.

2. cos The cosine function is invoked usimgs( ) . For example,
Ccos(3x+7y)
cos(xX2 + y4 - 3) + 6x - 3y + 8
are both valid formulas involving the cosine function.

3. cosh  The hyperbolic cosine functioopsh( ) , returns the hyperbolic cosine of its arguments. By definiti
cosh(x) satisfies

cosh(x) = [exp(X) + exp(-x))/2

whereexp is the exponential function.

4. exp The exponential functioexp( ) is the standard, bage exponential function. For example,

exp(4xy)

e"(4xy)

are two equivalent expressions using the exponential ifumct
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5. gri  The greatest integer functigri( ) is defined as follows:
gri(x) = (largest integer that is <X)
Or, an equivalent definition is

grilx) = (closest integer to the left of x on the number line)

6. log The natural logarithm function is defined mg( ) . Youcanalsouskn( ) .

7. sgn  The sign functionsgn( ) , is defined by

1 ifx >0
sgn(x) =<0 ifx =0
-1 ifx <0

You can also usseign( ) for the sign function.
8. sin  The sine function is invoked usirgin( ) . For example,
sin(3x)
sin(bxy - 6) + xy2 - 2
are both valid formulas involving the sine function.

9. sinh  The hyperbolic sine functiorsinh( ) , returns the hyperbolic sine of its arguments. By definition
sinh(x)  satisfies

sinh(x) = [exp(X) - exp(-x)]/2.

10. sqr  The positive square root functiosqr( ) , computes the positive square root of its argument. For exam
ple,sgr(4) = 2 andsqgr(9) = 3 . Alsosqgr(0) = 0 . The square roots of negative numbers are not real,
so in FAwAv applying thesqr function to a negative number produces an error message.

11. tan  The tangent function is invoked usitgn( ) . For example,
tan(3x+6y)
tan(5x - 6) + x - 2y + 9
are both valid formulas involving the tangent function.

Special functions
Fawav employs7 special functions, which we shall now describe.

1. bell  The functionbell( ) is defined as follows. Ifx| > 0.75, thenbell(x) = 0 . If |x| < 0.25, then
bell(x) = 1 . Finally, if 0.25 < |x| < 0.75, thenbell(-x) = bell(x) (that is, the bell function is
even), and we have for25 < x < 0.75, thatbell(x)  is defined by

bell(x) = sin(aw)sin(aw)\a=0.5pi\w=sin(av)sin(av)
\v=sin(au)sin(au)\u=1.5 - 2x
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More discussion of thbell  function is given in the 1D chapter (see Section 2.1.3 on p. 15

2. del  The discrete delta functiongl( ) , is defined as follows

i >
del (x)= 49 k>0
1 ifx =0
In other wordsdel(x) isOifx < 0 orx > 0, anddel(0) equals 1.

3. fac  The factorial functionfac( ) , returns the factorial of a non-negative integer betweemd 70. For
examplefac(5) = 120 . If the argument ofac( ) is not an integer, then an error message is returned. A
formula such as

sumk(x’k / fac(k)) \k = O, 8

is allowed, and returns a partial sum of the Taylor seriegfatx = 0.

4. ran The random number functioman( ) , gives a value that is a random number betweérand1, with a
mean value 0f. Random values are assigned no matter what the argumeani©f) is.

For instance, the formula
ran(0)

will not produce a constant function. It will produce a randg varying function with values betweenl and
1. The values of these random numbers are approximatelyramifalistributed, i.e., the values on( ) are
approximately the values of a random variable with unifomob@bility density.

5. rang The random number functiomang( ) , gives values that are approximately distributed like tifed
Gaussian random variable. Random values are assigned ter mhat the argument séng( ) is.

For instance, the formula
rang(0)

will not produce a constant function. It will produce a randy varying function.

The functionrang( ) is used to create an approximation of random noise with a €ausormal probability.
This type of random noise is called Gaussian white noise. flihetionrang( ) is produced by addingv
repetitions ofran( ) and dividing by the square root &f. This numberV is 144 by default. To change the
numberN of terms, enter a formula like the following

rang(x)\noiseterms=400

In this caseV is set equal ta00. You must specify a value faV betweenl and30000.

6. rect  The rectangle functiomect( ) ,is defined by

1 if [X|] < 0.5
rectx) =1<¢0.5 if|x] = 0.5
0 if|x] > 05

For example, to create a function equal tover the rectangléu, b) x (¢, d) and equal t@ outside that rectangle,
you enter the formula
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rect((x-u)/w)rect((y-v)/t)
\u=(a+b)/2\w=b-a\v=(c+d)/2\t=z-c

Notice that in this formula the parameters used instead af. That is because the allowed parameters in 2D are
a,b,c,mt,u,v,w,z.

7. sinc  The sinc functionsinc( ) , is defined by

sin 7w

sinc(z) =
T

for z not equal to zero. I = 0, thensinc(0) = 1.

5.1.4 Graph operations

If you have drawn the graph of at least one function on theesgrihen you can assign values from these function(s)
using the graph variablesl , g2, g3, andg4.
For example, suppose 3 graphs are displayed on screen. Adésilowing formula:

291 - 493

assigns twice the values of graph 1 minus four times the gadfigraph 3 to the plotted function.

Warning: Do NOT use a graphical function with a higher index than thexber of displayed graphs. Alsoawav
does not support graph variables beygdd Notice also that, unlike in 1D, the graph variables do NOGeat argu-
ments in 2D. For instance, if you entgl(x) in 2D that will produce the graph of the valuesgdfmultiplied byx. To
graph just the values of graghyou would enter justy1.

5.1.5 Sums

There are four sum operatosymi( ) ,sumj( ) ,sumk( ) ,andsumn( ) . For example, the formula
sumi(x’i y (i+1)N\i=1,7

produces the same function as the more complicated formula

Xy'2 + X2y"3 + X3y4 + X4y'5 + X5y'6 + X6y7 + X7y'8
Warning: You cannot use a sum operator twice in the same formula. Fonpbe, the formula

sumk(cos(kxy)) - sumk(kx-y)\k=3,5

will not be accepted by AwAv . You should use instead

sumk(cos(kxy)-kx+y) \k=3,5

5.1.6 Products

There are two operators for performing produpgt®dp( ) andprodq( ) . For example, the following formula
prodp(xy-p)\p=-4,3

produces the same graph as the following more complicateaia
(xy+4)(xy+3)(xy+2)(xy+1)xy(xy-1)(xy-2)(xy-3)

Warning: You cannot use a product operator twice in the same formalae¥xample, the formula

prodp(x-p) - prodp(py)\p=3,5

will not be accepted by &wav. You should use instead

prodp(x-p) - prodg(qy)\p=3,5\0=3,5
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5.1.7 Logic

There are three logical operatiods(and),or , andnot( ) . These are Boolean operations which are meant to handle
values of eithed (for TRUE) or 0 (for FALSE). For example, the following formula

(x>3 or y<-2)sin(3x) + ((-2<=x)&(y<=3))cos(x)

produces a function that adsisi(3x), if x > 3 or if y < —2, to cos(x) when—2 < x andy < 3.

5.1.8 Inequalities

The inequality operations are >=, <, and<=. For example, the formula
(2<xy<=4)sin(xy) + (xy>4)cos(xy 2)

produces a function that equaisi(xy) for 2 < xy < 4, and equalgos(xy?) for xy > 4, and equal$ for all other
values ofz andy.

5.1.9 Command strings

Command strings are used at the end of a formula for perfgrsustitutions or other tasks. They are preceded by the
backslash character Here are a few examples of using command strings.

1. SubstitutionThe following formula shows how a command string perform&sa substitutions:

cos(ax) + bsin(c"2/b)
\a=2\b=x+y+c\c=3x-y

Notice that the parameters can be constant or variable amthisy can invoke other parameters as well.
The allowed parameters aaeb,c, mt, u, v, w, z. (Note that, unlike in 1D, the variablecannot function as a
parameter.)

2. Limits for a sumThe following formula shows how a command string is used pac#fying the limits for a sum:
1/2 + sumk[cos(kxy"2)]\k=-4,7

Here the sum s from = —4tok = 7.

5.1.10 Loading an image file

Gray-scale images can be loaded into the 2D-form. Someatdimdage file formats can be loaded (e.lgmp, .jpg
etc.), but they must b& by N square images, wher® is either64, 128, 256, 512, or 1024. If a gray-scale image is
not square, then it will be loaded into the Image Procesgar fsee Chapter 7 on p. 89). There are no plans at this time
for FAwAv to handle color images, a good free program for color imag#8AGE ANALYZER.

To load an image, you right-click on a graph region and sdleat/Imagefrom the popup menu. A standard file
dialog box will appear from which you can select the file cariteg the graph’s data.
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5.1.11 Saving an image file

To save an image in the form, you right-click on it and sefeave/Imagdrom the popup menu. A dialog box will
appear on the screen which will allow you to specify the naftbefile and the type of image format to use for saving.

Warnings: (1) If the graph that you want to save is NOR56-level gray-scale image, then saving it using this
format will usually produce a corrupted file that you canraet reload. (2) When saving an image file (in any format
other thanpgm ), do NOT include any periods in the file name. For examplefita@ame

noisy barb (mult. noise)
will lead to an “Error saving file” message in all formats (egt.pgm format). If you change the file name to
noisy barb (mult noise)

it will be saved without error. Either file name will be saveitheut error in thepgm format.

5.1.12 Loading external (binary) files

To display a graph that was previously saved (ustiage graph/Graph you right-click on a graph region and select
Load/Graphfrom the popup menu. A standard file dialog box will appeanfrwhich you can select the file containing
the graph’s data.

Itis possible to load external, binary data files (not neamelyscreated by Ewav ). The data must be in the following
format. Except for the initial dimension number (which id-&yte integer), the data should consistdebyte single
precision numbers. The first number specifies the squarendiores of the data (eithérl, 128, 256, or 1024) and is
saved as d-byte integer. The next number specifies the square, cehétrde origin, over which the data are to be
graphed. For example, if it i&5, then the data will be graphed over the sqUar 5, 6.5] x [—6.5, 6.5]. The remaining
numbers are the image values, to be listed according to trense for an image array described in Section 4.2 of
Primer on Wavelets and their Scientific Applicatipngth A/ = N and N being one more than the dimension number
(either65, 129, 513, or 1025).

5.1.13 Saving graphs as binary data

This option, which you invoke by right-clicking on the grapbu want to save and selectigave graph/Grapfrom
the popup menu, allows you to save its data (in single-pi@tifoating point format). A standarSave aslialog box
will appear and you can specify the name of the file in whichda will be saved. The file extensidb2 will be
appended to the file name you specify. The saved data cabkatetoaded usingoad/Graphfrom the popup menu.

5.2 Wavelet transforms

A wavelet transform of a displayed graph can be calculategdnforming the following steps.
1. You selecfTransforms/Wavelet.
2. Inthe text box labele@raph, enter the number of the graph that you want to transform.

3. In the text box labeletlevels,enter the number of levels to use for the transform. By rgdtie mouse pointer
on this text box, a message should appear which tells youltheesl number of levels.

4. If you want to compute an inverse transform, then checklieekbox labelethverse.Otherwise, make sure this
checkbox is not checked.

5. Select the type of wavelet you want to use. The choices aife Baub, Haar, and a selection of biorthogonal
wavelets. If you select Coif or Daub, then you must also etfiierappropriate number at the left of the wavelet
type. By resting the mouse pointer on the text box next to theelet type, a message should appear which tells
you the allowed numbers.
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. Click on the button labeledlot. This will produce the wavelet transform.

5.3 Wavelet series

A wavelet series of a displayed graph can be calculated Hgnoeing the following steps.

1.
2.

ChooseSeries/Waveldtom the menu.

In the text box labele@Graph,enter the number of the graph that you want to compute a deries

3. In the text box labeledevels,enter the number of levels to use for the series. By restiagrtbuse pointer on

this text box, a message should appear which tells you tbevadl number of levels.

4. Select the type of wavelet you want to use. The choices aife Baub, Haar, and a selection of biorthogonal

wavelets. If you select Coif or Daub, then you must also ethterappropriate number at the left of the wavelet
type. By resting the mouse pointer on the text box next to theelet type, a message should appear which tells
you the allowed numbers.

5. For 2D wavelet series there is only one type of serieghiesholdtype. To specify the threshold(s) click on the

button labeledEdit settings After selectingedit settingsthere are two methods for defining a threshdaiform
andMultiple. Here are descriptions of each of these two methods.

a. Uniform ThresholdThis method involves specifying a threshold by typing in lugan the text box labeled
Value.You should enter an expression of the fatf@"n wheren is a positive integer. For example2°2
or 1/2°3 , etc. If the checkbox labele@uantizeis checked, then a threshold of the fodf2"n  will
produce am+1 bit or n bit quantization of all wavelet coefficients (transformues) depending on whether
the checkbox labele8ign bitis checked. Note: The tool tifor the text box will provide information on
how many bits you are specifying for the threshold value yloathave entered.
If the checkbox labele@uantizationis not checked, then a value of the fof2™n  produces a threshold
of the formM/2°n . HereMis the maximum magnitude of all wavelet coefficients. All wkst coefficients
whose magnitudes are less than this threshold are set eqeia, but no quantization is performed on the
values that survive this thresholding.

b. Multiple Thresholds.This method involves specifying two thresholds by enteimghe text box labeled
Valuean expression of the forrt/2"m:1/2°"n  wheremandn are positive integers. With this option,
guantization is always performed. The first threshold sthdwve the forml/2°m , which produces an
m+1 bit or mbit quantization of all trend values, depending on whetherdheckbox labele8ign bitis
checked. Likewise, the second threshold should have the I2"n , which produces an+1 bit or n bit
guantization of all fluctuation values, depending on whethe checkbox labele8ign bitis checked. Note:
The tool tip for the text box will provide information on howamy bits you are specifying for the threshold
values that you have entered.

6. Click on the button labele@lot. This will produce the wavelet series.

5.4 Wavelet packet transform

To compute a wavelet packet transform of a signal you sédleatsform/Wavelet packeThe rest of the steps are the
same as described above for wavelet transforms.

Note: Fawav only computes the simplest type of wavelet packet transfahea wavelet packet transform where

each subsignal is further transformed up to the highesk Ibd@re complex transforms are performed by more advanced
software such as the ones described in Appendix & Bfimer on Wavelets and their Scientific Applications

1The tool tip is the message that appears when a mouse poingstésion a text box, or other item in a window.
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5.5 Wavelet packet series

To compute a wavelet packet series for a signal you s&tacisform/Wavelet packethe rest of the steps are the same
as described above for wavelet series.

Note: FawAv only computes the simplest type of wavelet packet seriegravthe wavelet packet transforms for
each subsignal are further transformed up to the highest I&ore complex series are performed by more advanced
software such as the ones described in Appendix & Bfimer on Wavelets and their Scientific Applications

5.6 Fourier transforms

A Fourier transform, or power spectrum, of a signal can beutated by performing the following steps.
1. After plotting your signal data, selettansforms/Fouriefrom the menu.
2. Select one of the two data types, eitReralor Complex.

3. If you selectedReal, then enter the number of the graph that you want to transfatmthe text box labeled
Graph. The values of this signal will constitute the real part of tla¢a, the imaginary part will be assumed to be
all zero values. On the other hand, if you selednplexthen enter in the text boxes labelRgalandimag
the numbers of the graphs whose values you want to use foe#thamd imaginary parts of the data, respectively.

4. Choose whictOutput typeyou want. There are three output types to choose fromRéa)/Im,or (b) Power sp.
We now describe these twdutput types.

(a) Real/lm This output type produces the real and imaginary parts oftheier transform of the signal. For
a discrete signal the Fourier transform consists of the DiRfieodiscrete signal.

(c) Power sp This output type produces a discrete version of the poweastspa of a signal. The values of the
power spectrum of a signal are the squares of the magnitdidies complex values of the Fourier transform

of the signal.
Power spectra are used for describing the (global) energadi frequency in a signal. At least insofar as
a DFT can accurately capture the contribution of that frequeo the signal.

5. Choose whiclexponent typéo use. The two exponent types areand+. If you select— then (discrete sampled
versions of) the exponentiats ©27%* are used for computing transforms. On the other hand, if gtecs+ then
(discrete sampled versions of) the exponentalé™* are used for computing transforms.

These two types are inverse to each other: by Fourier tremgig with one choice, and then Fourier transforming
the result with the other exponent type, you return to thegioai data.

6. Click the button labeleBlot, this will produce the Fourier transform or power spectrunsefarate window will
be created for displaying this new data.

5.6.1 Examples

Examples illustrating many of these aspects of computingiEotransformécan be found in Chapters 5 and 6 of the
book
James S. WalkeFast Fourier Transforms, 2nd Editipi€RC Press, 1996

which we refer to agast Fourier Transforms, 2nd Edition

2Using an older command window (DOS) version effav called FAS.
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5.7 Fourier series

Fawav allows you to calculate partial sums of Fourier series fodaa. A 2D Fourier series (periétlin each variable)
has the form

oo o0

E Z em nefi27r(m:v+ny)/ﬂ

n=—0o0 m=—00
where{c,, ,, } are the Fourier coefficients.
A Fourier series partial sum can be calculated by perforriiedollowing steps.

1. Inthe textbox labeleGraphenter the number of the graph for which you want to computeuai€oseries partial
sum.
2. In the box labele&um typechoose which sum type you want to use, eitBphericalor rectangular.

If you selectSpherical,then in the textbox labeleHarmonic limitenter the number of harmonics you want to
use. The tooltip for this textbox will tell you the allowednge of harmonic limits. If you specify, say} as the
harmonic limit, then all Fourier series coefficients ,, with indicesm andn satisfyingn? + m? < 152 will be
used in forming the Fourier series partial sum.

If you selectRectangularthen in the textboxes labeld&rkbwandCol type in the number of harmonics you want
to use. The tooltip for these textboxes will tell you the a#aml range of harmonic limits. If you specify, sa

as the row harmonic limit, an25 as the column harmonic limit, then all Fourier series coffits c,,, ,, with
indicesm andn satisfying|m| < 15 and|n| < 25 will be used in forming the Fourier series partial sum.

3. Select theSeries type.There are two typed)nfiltered and Filtered. If you selectUnfiltered,then the Fourier
coefficients are used without any modification when formimg partial sum. If you seledéiiltered, then a list
box is activated and you can select a filter. Most of theseadiliee functions that modify the Fourier coefficients,
by multiplying them by different functions. Thefilters that are available are the following:

Blackman
Cesaro
Diffraction
Diffusion
Hamming
Hanning
We will discuss each of these filters below.

4. Click on the button labeleBlot. This will produce the Fourier series partial sum.

5.7.1 Filtering of Fourier series

In this section we describe each of #héltering methods for Fourier series.

1. Blackman If a spherical Fourier series is being used, then the Blacdkfittar modifies a Fourier series partial
sum by multiplying coefficients,,, ,, with indicesm andn by the following convergence factor

42 + 5cos((m? +n?)Y2x/N) + .08 cos(2(m? + n?)Y/ %1 /N)

whereN is the harmonic limit in the partial sum.

If a rectangular Fourier series is being used, then the Btackfilter modifies a Fourier series partial sum by
multiplying coefficients,, ,, with indicesm andn by the following convergence factor

[.42 + .5 cos(mm /M) + .08 cos(2mm /M)] x [.42 + .5 cos(nw/N) + .08 cos(2nw/N)]

whereM is the row harmonic limit andV is the column harmonic limit.
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2. Cesaro If a spherical Fourier series is being used, then the Cedteorfiodifies a Fourier series partial sum by

multiplying coefficients with indices» andn by the following convergence factor
1—[(m® +n?)"?)/N

whereN is the harmonic limit in the partial sum.

If a rectangular Fourier series is being used, then the Gdiimr modifies a Fourier series partial sum by multi-
plying coefficients with indices m and n by the following cengence factor

[1 = |m|/M][1 = |n|/N]

whereM is the row harmonic limit andV is the column harmonic limit.

. Diffraction The Diffraction filter modifies a Fourier series in two waystsk by multiplying coefficients with

indicesm andn by the factoros[W T (m?+n?)(r/L)?)], whereL is the right endpoint for each dimension of the
squard—L, L] x [—L, L] over which the graph is plotted. Second, by multiplying by thctorsin[W T ((m? +
n?)w/L)?)]. The resultis then created by summing the squares of thewvalithese two modified Fourier series.
You are required to supply the values of iMave constanf}’, andTime constant]".

This filter can be used to create a diffraction pattern (fectbn diffraction use the wave constari7g).

. Diffusion The Diffusion filter modifies a Fourier series partial sum byltiplying coefficients with indices m

and n by the following convergence factor

e—T(’n’L2+TL2)(7T/L)2

whereL is the right endpoint for each dimension of the sqUarg, L] x [— L, L] over which the graph is plotted,
andT is the damping constant (which you are required to inpute @a@mping constant must be non-negative.

. Hamming If a spherical Fourier series is being used, then the Hamifilbeg modifies a Fourier series partial

sum by multiplying coefficients with indices andn by the following convergence factor
.54 + .46 cos((m? + n?)Y/%x /N)

whereN is the harmonic limit in the partial sum.

If a rectangular Fourier series is being used, then the Hagifilter modifies a Fourier series partial sum by
multiplying coefficients with indices: andn by the following convergence factor

[.54 + .46 cos(mm/M)][.54 + .46 cos(nmw/N)]

whereM is the row harmonic limit and is the column harmonic limit.

. Hanning If a spherical Fourier series is being used, then the Hamffilieg modifies a Fourier series partial

sum by multiplying coefficients with indices, andn by the following convergence factor
5+ .5cos((m? +n?)/%x /N)

whereN is the harmonic limit in the partial sum.

If a rectangular Fourier series is being used, then the Hagiilter modifies a Fourier series partial sum by
multiplying coefficients with indices» andn by the following convergence factor

[.5 + .5 cos(mm/M)][.5 + .5 cos(nm/N)]

whereM is the row harmonic limit and is the column harmonic limit.
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5.8 Convolutions and Correlations

Fawav performs three types of discrete convolution operatiom&s€E are
1. convolution
2. pair-correlation
3. auto-correlation

We now describe each of these 3 types.

5.8.1 Convolution
To perform a convolution of two displayed graphs, performfibilowing 3 steps.
1. Enter the numbers for the displayed graph in the text biaededGraph 1andGraph 2.

2. If you want to divide the values of the convolution by theaof the square over which the displayed graphs
are plotted, then click on the checkbox label@dide by area. Warning: If the two signals are defined over
different squares, thenalwav will divide by the area of the square for the second functi®his is confusing,
and is avoided by restricting to convolutions of functiomdided over a common square when selecbinjde

by area.

3. Click on the button labeleBlot. This will produce the convolution.

5.8.2 Pair-correlation

To perform a pair-correlation (also known simply as cottielg) of two displayed graphs, perform the followingteps.
1. Enter the numbers for the displayed graph in the text blaededGraph 1andGraph 2.

2. If you want to divide the values of the convolution by theaof the square over which the displayed graphs
are plotted, then click on the checkbox labe@dide by area. Warning: If the two signals are defined over
different squares, thenalwav will divide by the area of the square for the second functidhis is confusing,
and is avoided by restricting to convolutions of functiordied over a common square when selecbigde

by area.

3. If you want to divide the values of the correlation by themy of theGraph 1signal, then click on the checkbox
labeledNormalize.

4. Click on the button labeledlot.

5.8.3 Auto-correlation

To perform an autocorrelation on a displayed graph (whidghéspair-correlation of a graph with itself), perform the
following 4 steps.

1. Enter the number for the displayed graph in the text bozl&hGraph.

2. If you want to divide the values of the convolution by theaof the square over which the displayed graphs are
plotted, then click on the checkbox labelBdride by area.

3. If you want to divide the values of the autocorrelation bg energy of the displayed signal, then click on the
checkbox labeletNormalize.

4. Click on the button labeleBlot. This will produce the autocorrelation.
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5.8.4 Examples

Several examples of the use of convolution and correlatiergaen in the two referenceé, Primer on Wavelets and
their Scientific ApplicationandFast Fourier Transforms, 2nd Edition

5.9 Image Compression

There are three ways to perform image compression of gralg-snages. They are the following:
1. Image Compression Workshop (see section 5.9.1).
2. Saving a compressed image in the 2D-form (see Sectiok &p. 73).

3. Saving a compressed image in the Image Processor fornséstien 7.2 on p. 89).

5.9.1 Image Compression Workshop

This form appears when you selégtage compression workshéqom the Graphmenu (see Figure 5.2). To compress
an image with this method, you should first perform a waveletavelet packet) transform of the image and then save
this transform in the Compres§Data subdirectory of the Kwav program directory. Then, by selecting this procedure,
you can perform a compression using the following 8-steggss.

1. Enter the number dfevels.This number should equal the number of levels used for yamstorm.

2. Select either #ossyor losslesscompression option. Witlosslessyour transform should be of the integer-to-
integer type.

3. Select aRate/Distortion Option.You can either choose to obtain a target bit rate (bpp) or PSAIRe. For
example, in the figure, a target bit ratelo25 bpp is selected, which achieves a 32:1 compression of angdyi
scale image.

4. Select a compression technique, eitBarary or Arithmetic compressionThese two options are explained in
section 4.4 oA Primer on Wavelets and their Scientific Applications

5. Choose acanning modeThese modes were various experiments in scanning througéletdransform values
for performing ASWDR (see section 4.5 AfPrimer on Wavelets and their Scientific Applicatiprihe default
option, which is shown, is to use the method describel Rrimer on Wavelets and their Scientific Applications
which seems to work best on most images.

6. To compress the saved transform, pressEheode Transforrbutton. A dialog box will appear from which you
can select your saved transform. Information will be writitethe textbox at the bottom of the form that describes
the progress of the encoding, including a final statemetihgtthe file location of the encoded data.

7. To decompress your compressed file, you pres®teode transfornbutton. A dialog box will appear from
which you select the file containing your compressed data. nNthe decoding finishes, a statement will be
written in the textbox at the bottom of the form that indicatbe file location containing the decompressed
transform.

8. To produce an image from the decompressed transform,etatnrto the 2D-form from which you began this
process, and selecbad/Graphfrom the popup menu (activated by right-clicking on a grapgag You then load
the decompressed transform from the last step and perforimvarse transform (inverse to the transform used
on the original image), then perform &rbit quantization (seledgraph/Quantize (8-bit imaggpn the resulting
image to produce the completed decompressed image.
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5.9.2 Saving a compressed image

To save a compressed image in a 2D-form, you right-click enittege and sele@ave/Imagérom the popup menu.
You then select eithersajpg format (JPEG compression) okavc2 format (ASWDR wavelet-based compression).
Unless you change the saving options (see below), the defalule of 70% quality for JPEG and 32:1 compression
ratio for ASWDR will be used.

Changing saving options

To change the options used for saving images you s8&agt options (image$jom the File menu. The window
shown in Figure 5.3 appears. The options for JPEG are maaifhegident, the quality factor results in more fidelity
in the compressed image when a higher quality factor is chfikere is no simple relation between quality factor and
compressed file sizé)The options for TIFF images are described elsewhere, wershtadiscuss them here as TIFF is
rarely used for lossy compression.

We now turn to the options for wavelet compressionc files). You can specify the number tdvelsto use
for the wavelet transform. You can also choose which wavelese for transforming. The choices are Daub 9/7 (for
lossy compression), and DD (2+2,2) Integer and DD 5/3 Intéfgpe lossless compression). If you choose to obtain a

3A better program for performing JPEG compressionviaGE ANALYZER, which allows you to specify the compression ratio.

Encoding Dptions

Loves [2 @ Loy O Lowoss | | | Encode Transfom
R ate/Distortion Options
{* Achieve compression rate. Target [bpp): |0.25 Decode Transform

" Achieve PSHR. Tanget value: |34

Compreszsion Techniques
" Binary

Source models
(o Arithmetic: | ¢ 0Order + 1/0-Mixed Orders

Scanning modes
(" Zigfag (" Dynamic Tree [contest predict]
(" Static Tree o Dynamic Tree [Parent/Child)

Figure 5.2
The window that opens whenl mage Compression Workshop is selected.
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Dptions for saving images

JPEG Wavelet compression [\ WC?2 files]
J7 [Greylscate EEcod:n.g (ptiong
Duality factar: W eveli [7
142 99)
| Progiessive Wavelet |Dauh " j
TIFF R ate/Distartion O ptions
(¢ Uncompiessed (" COTRLE € CCIT Group 3 Fax (v Compression rate. Target rate [bpp):|0.25
OO Growp 4 Fax, € [ Pack Bits o ’34—
" IPEG (" Deflate
PNG |v ROl [when image zoomed)
B et . Fraction of bits I.D ROE Jng
| Display compressed image
: Lpply Cancel

Figure 5.3
The window that opens for changing image saving options.

target bit-rate, then you must specify the bits per poinpjbmlue. For example, a bpp value @5 specifies 32:1
compression of an 8 bpp gray-scale image. If the sele®®©his checked, then you may not select Distortion rate
option. By unchecking thROI selection, you can then choose to achieve a target PSNRoragedr compression. If
you have zoomed on a portion of an image and you have checkd®iQhselection, then a specified fraction of the
target bit budget (a target bit rate is then your only optiwil) be allocated to encoding the zoomed area of the image
(whichever image you select to save in compressed form)e®aua have specified all this information for creating a
.wc2 compressed file, you then click tAgplybutton and return to the 2D-form. At that point, you then tiglick on

the image you want to save and choosewie2 format option in théSavedialog box that appears.

5.10 Image Denoising

There are three options for image denoising. The first opti@enoise (waveletyhich is used for removing random
Gaussian noise from an image (the most common type of noiB&g. second option iDenoise (medianyvhich is
used for removing isolated overflow and underflow noise (@liee image acquisition device has registdred 255 at
various isolated positions in the image), sometimes refeto as “salt and pepper noise.” The third optioD&noise
(adaptive median)s a second method for removing salt and pepper noise.

Denoise (wavelet)

This procedure implements the various wavelet-based diegoinethods described in the following papers:
1. D. Donoho and I. Johnstone, “Ideal spatial adaptation via wavalgtkeage.”Biometrika,81,425-455, Dec. 1994.

2. R. R. Coifman and D. Donoho, “Translation-invariant denoising&hhical Report 475, Dept. of Statistics, Stanford Univer-
sity. May 1995.

3. J.S. Walker and Y.-J. Chen, “Image denoising using tree-basedlet subband correlations and shrinkag@gtical Engi-
neering,39,2900-2908, Dec. 2000.

We first outline the various steps involved in denoising aads and then describe how to perform the methods
described in these three papers.
To denoise an image, you need to go through the following fiepssin the denoising dialog box (see Figure 5.4).
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1. You first specify the graph number of the image that you warmtenoise, then specify a wavelet to use and a
number of levels for the wavelet transform.

2. Specify athreshold. This will be done automatically by FAWAYV if the optioAutois checked. IfAutois not
checked, then you need to specify the threshold yourself.

3. Check or uncheck the various options labeféuink., Refineand Avg. If you check theAvg. option, then select
one of the options 1, 1D, 2, 2D, ..., 8D. These are organiz¢ the fastest performance first (choice 1) to the
slowest performance last (choice 8D), but with increasideliiy in denoising. Generally, 2D or 4D gives accept-
able performance, without unduly increasing computatiore t(although 8D does not take too long for images
smaller than 512 by 512, and produces better denoisingke fibitation D indicates that shifts are performed in
both+ and— directions for performing the averaging. Generally it isttie choose a D option for averaging.]

4. Specify the value of thBescentparameter, and specify the value of thepthparameter. The significance of
these parameters are described in the third paper cite&abov

5. Click on the button labelelot and the image will be denoised. Note: After the denoised emsdisplayed, you
should round its values to integers. You can do this by selg&@raph/Quantize (8-bit imagdyom the menu.
(This quantization step is unnecessary, however, if thia @iantizehas been checked in the denoising dialog

box.)
Denoise
[Fraph |1_ Levels: IQ_
Warvelet type
“ Cot |6 ( Dablg [ S
(" Haar
Threshold: |54 v Auto
Descent:h_ Depth:|1_
W Shink [ Fefre [ Avalf]l -
¥ Postprocess [w Ouantize [3-hit]
[ HighSHE
Figure 5.4

The dialog box that opens for denoising an image.

After the denoised image is displayed, you can use the meviaesAnalysis/Norm differencim order to calculate
error measures between the original and denoised image.

As noted above, this denoising procedure implements thenigees described in papers 1-3 listed above. For
instance, to implement thdisuShrinkmethod described in paper 1, you should checkAhw option of choosing a
threshold, check th8hrinkandRefineoptions and uncheck th&vg.option. Finally, set thd®epthandDescentvalues
to 0. Usually a 3-level or 4-level transform works best with thisthod.

To implement (partially) the cycle-spin threshold methdégaper 2, you should check ti#auto option of choosing
a threshold, uncheck tHehrinkoption, check thé&efineoption, and check thAvg.option. Finally, set th®epthand
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Descentalues td). In order to conserve memory, and save timeyk&v does notimplement the full cycle-spin method
(which averages over all possible shifts of the image), bl omplements a finite number of shifts (index shifts from
r=-KtoK,y=—-KtoK,whereK =1, 2, 4, or8; specified by the options 1D, 2D, 4D, 8D, respectively). You
specify a value ofX’ when you check thévg.option. As described above, the valuesiof= 2 or K = 4 generally
provide acceptable results. Experiments with various eadtave shown that increasifgto 8 provides only a slight
improvement in denoising.

To implement the denoising method described in paper 3e@#ie TAWS algorithm) you should check tAato
method of choosing a threshold, check 8teinkmethod, check thRefineoption, and specify non-zero values for the
DepthandDescenfparameters. Generally, checking #ey.option produces better denoising (at the cost of increased
time). But, the TAWS method allows for thvg.option to be either checked or unchecked. Generally, a \Gflae2,
or 3 for theDepthparameter. and an equal or greater value folxtescenparameter (no greater than the level number,
however), produces the best results.

Denoise (median)
This procedure denoises an image using a 3 by 3 median fittex.uked when there is “salt and pepper noise” (also
called “impulsive noise”) present. You simply specify wiicnage to denoise and click on the button labeled Denoise.

Denoise (adaptive median)

This procedure denoises an image using a 3 by 3 adaptive mitéa The pixel value centered on the 3 by 3 region is
only replaced by the median if its value differs from the naedby more thar-10%. It is used when there is “salt and
pepper noise” (also called “impulsive noise”) presentshially performs a better denoising than median denoisiag. T
denoise, you simply specify which image to denoise and ditkhe button labeled Denoise.

5.11 Menu ltems for 2D-Form

There are 9 menu items on a 2D-form;
File Edit View Graph Series Transforms Convolve Analysis IHe

We now describe the contents of each of these 9 items.

5.11.1 File

TheFile menu contains 12 items, which we now examine.

1. New 1Dim Selecting this item will open a new 1D-form (see Chapter 4rirégg on p. 11). Each 1D-form is
numbered when it is opened. You can access a list of all opeiretbws by selectinyiewfrom the menu.

2. New 2Dim Selecting this item will open a new 2D-form. Each 2D-form iswbered when it is opened. You
can access a list of all opened windows by selectlisgvfrom the menu.

3. New Audio Editor Selecting this item will open a new Audio Editor window (seeter 6 beginning on p. 85).
Each Audio Editor is numbered when it is opened. You can acadist of all opened windows by selectinew
from the menu.

4. New Image Processor Selecting this item will open a new Image Processor windae (Shapter 7 beginning
on p. 89). Each Image Processor is numbered when it is op&bed:an access a list of all opened windows by
selectingviewfrom the menu.



5.11.

10.

11.

MENU ITEMS FOR 2D-FORM 77

. Open form You select this item in order to open a previously saved foeithér a 1D-form, a 2D-form, a

Spectrogram form, or a Scalogram form). A standancibws File Open dialog box opens up, from which you
can select a saved form to load. The file extenshatt is used for 1D forms, the file extensidw2 is used for
2D forms, the file extensiorspg is used for spectrograms, and the file extenssmg is used for scalograms.

. Open image fil& his item can be used for loading an image file into the 2D-foltrnts recommended, however,

that you use the method described in Section 5.1.10 on p.$6&&d. Using that method will help you to become
familiar with the Popup menu technique for 2D-forms (seetird.12 beginning on p. 82 for a description of
this Popup Menu).

. Open data file This item can be used for loading &2 data file into the 2D-form. It is recommended,

however, that you use the method described in Section 5dnlj2 66 instead. Using that method will help
you to become familiar with the Popup menu technique for 8Bk (see Section 5.12 beginning on p. 82 for a
description of this Popup Menu).

. Save Form As Select this item in order to save all of your work in the 2D faiora file with extensionfw2 .

The saved form can be reloaded later by seled@pgn formfrom theFile menu.

. Save Form When you have loaded a previously saved form and then maddioatidins to that form, then this

menu item becomes available for resaving the modified fogsin@uthe same file name).

Print  This section can be used to either print an individual gragb print the entire 2D form (as it is displayed
on screen). For further discussion, please go to Secti¢hBLbn p. 84.

Close Selecting this choice will close the 2D fortarning: FAwAv does not prompt you to save the 2D form
if you have made modifications. If you want to save your woekshre and save the form (usiRile/Save Form
before you close it.

5.11.2 Edit

The Edit menu contains 5 items, which we now examine.

1.

Points used Choose this item in order to change the number of points than¥ is using for plotting graphs.
The choices are

64 128 256 512 1024 2048

with the presently used number of points preceded by a chadk(w). If N points are chosen, theN x N
square images are usedlarning: Choosing a new number of points will erase all graphs fromstireen, and
from memory, causing you to lose that work (unless you hageipusly saved it).

. Erase graphs Choosing this item will remove all graphs from the screerd iom memory. Warning: All

graphs will be erased immediately, causing you to lose tloak \funless you have previously saved it).

. Refresh Choosing this item will replot all graphs.

. Remarks When you select this choice, then a text box opens on the rifgtiteoform, where you can enter

remarks describing the work that you have performed in thisf This is especially useful for keeping a record
of your work if you intend to save the 2D-form.

. Screen capture This choice will create an image of the entire#av window, as it appears on screen, that you

can then paste into word processing documents likeRWPAD documents, or other documents in other programs
that accept WNDows clipboard input (via @astecommand).
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5.11.3 View

The menu itenViewcontains 6 items, which we now examine.

1.

Size This choice allows you to toggle between two sizes for digpkaimages: (1)Smallwhere four images
can be displayed at once; or (Rarge where a single image is displayed (and you select which inagéew
from option buttons on the lower right of the form).

. Zoom This choice activates théoomdialog box. For more details, see Section 5.12.1 on p. 83.
. Clear sidebox This choice will remove any dialog box from the right side oé form.

. End trace This choice will remove th@racedialog box from the right of the window and its crosshair syinb

from the graph area.

. Arrange windows This choice will perform automatic rearrangement of theitpmss of multiple windows

within the main BwAv window.

TheViewmenu always has at its end a listing of all the windows thabae:n within the BwAv workspace, so that you
can select which window to be the active one. [The presestiy@aone is marked with a checkmark).]

5.11.4 Graph

The Graphmenu contains 8 items, which we now describe.

1.

Plot This item opens up the plotting dialog box on the right of thedew. See Section 5.1, beginning on p. 60,
for further discussion. There is also online help availdheselectingHelp for Graphingfrom the Help menu
when the plotting dialog box is displayed.

. Denoise (Wavelet) This procedure allows for several types of wavelet-basemidangs. See Section 5.10 on

p. 74 for more details.

. Median denoise This procedure denoises a signal using lay 3 median filter. See Section 5.10 on p. 76 for

more details.

. Adaptive median denoiseThis procedure denoises a signal using by 3 adaptive median filter. See Sec-

tion 5.10 on p. 76 for more details.

. Quantize (8-bit) This procedure rounds graph values to integers bet@we@a255. It can be used for producing

8-bit gray-scale images.

. Down sample This procedure creates a new graph, from the graph that yecifgpby using only its even

indexed values. A new window appears that contains the gribiis down sampled graph. (Note: this procedure
is not available if the graph consists of orily by 64 points).

. Interpolate This procedure creates a new graph, from the graph that yexifgpby inserting a new values in

between each of its values. There are two ways that this cdore

(a) Haar interpolation Haar interpolation inserts a new value at each midpoint Bigagg the immediately
preceding function value. Thus producing a function whigpeats values two at a time. This is done for
both row and columns. (Haar interpolation treats a givergienas a trend subimage and sets all fluctuation
values ta), and then performs &level inverse Haar transform.)

(b) D-D 4,2 Interpolate This method of interpolation belongs to a type knownDseslauriers-Dubuc. It
is described in more detail iA Wavelet Tour of Signal Processingy Stephane Mallat (Academic Press,
1999). With this interpolation, the new function equalsahiginal at the old data points, and has new values
at midpoints obtained via an inverse wavelet transformdpeing a better approximation to a continuous
function than with Haar interpolation).
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5.11.5 Series

The series that are available with this menu item fall into tategories: (1) Fourier; (2) Wavelet, Wavelet Packet. The
first category is described in detail in Section 5.7, begigron p. 69. And the two choices in the second category are
described in detail in Section 5.3 on p. 67 and Section 5.5 &8 p

5.11.6 Transforms

The transforms that are available with this menu fall into tvategories: (1) Fourier (see Section 5.6 on p. 68); (2)
Wavelet (see Section 5.2 on p. 66) and Wavelet Packet (s¢i@©sBct on p. 67).

5.11.7 Convolve

The three choices on tl@onvolvemenu are described in detail in Section 5.8 on p. 71.

5.11.8 Analysis

The Analysismenu contains 14 items. We describe these items in the 14&lidrss that follow.

Statistics

This choice produces a printout on the right of the window arfiaus statistics summarizing the data consisting of a
signal’s values. For example, if the graph(®@k + 4)(3y-5)+20 is plotted over the squafe-0.5, 0.5] x [—0.5, 0.5]
using512 points for each dimension, and this procedure is invokezh the get the following printout:

Maximum = 95

Minimum = -12.5

Mean = O

Variance = 20.6647958792355

Std. Dev. = 4.54585480182061
Energy = 5438313.00194664
Samples used = 263169

Theoretical Dim = 141270.692331029

Most of these values are elementary statistical measufesEfergy is the sum of the squares of the values of the
signal. TheTheoretical Dim is a quantity related to the ability to do a wavelet compia@ssif the signal [for more
details, see the bookyavelet Analysis: From Theory to SoftwérgM.V. Wickerhauser (AK Peters, 1994)].

Norm difference

This choice allows you to compute various measures of thbajldifference between functions, typically used to
express the amount of error of one graph as approximant tih@ngraph. To compute the norm difference between
two displayed graphs, perform the following 4 steps.

1. In the text boxes labele@raphland Graph2enter the numbers for the two graphs whose norm differenae yo
want to compute.

2. Select theNorm type.There are two kindsSup normandPower norm.More details about these choices will be
given below.

3. Select whether the norm is to Bésoluteor Relative.

4. Click on the button labele@ompute.The norm difference will be computed and the result will beegiin the
text box below theComputebutton.
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Note: Norm differences are computed over the region showscoeen. This may represent a subregion of the full
region over which the two graphs are defined, if you have chaige display region.

In addition to the norm differences listed above, you can atsnpute eitheBNRor PSNRor RMSerror measures.
We describe each of these below.

Definitions of various norm differences

We now describe the various norm differences that can be atadpFirst, assume thabsolutenorm differences are
computed. If &Supnorm is chosen, then the maximum absolute value of all diffees between the specified signals’
values is found, over the region over which the graph is diggd, and this maximum is the Sup norm difference. If a
Powernorm is selected, then the power to be used must be specitiee iext box labele®ower. The powerp, must be
a number greater than or equalitoThe power norm difference is computed by forming a Riemamn approximation
to the integral of the power of the absolute value of the differences between the twohgagver the region for which
the graph is displayed, and then taking tieroot of the result. Note: If you checked the box labekatmalizecthen,
before thept™ root is taken, the approximate integral is divided by thearfethe region on screen.

If Relativenorm differences are computed, then the absolute nornreliftees described above are divided by the
norm of the graph specified &raphl. That is, the norm difference is relative to the norm of Grapi{\We discuss
norms in the next subsection.)

SNR If you chooseSNRthen the following error measure is computed

> (fi = 9i5)

i
2
> F
7

wheref is the graph you have specified@saph 1andg is the graph you have specified@saph 2 and the sums are
over all pixels determined by the region displayed @aph 1(this allows you to compare zooms of the two graphs,
provided you perform the identical zooms).

(SNR) = 10log;,

PSNR If you choose?SNRthen the following error measure is computed

2552

P Z(fi,j — gij)°
1,J

wheref is the graph you have specified@saph landg is the graph you have specified@saph 2 and the sums are
over all pixels determined by the region displayed Gyaph 1(this allows you to compare zooms of the two graphs,
provided you perform the identical zooms). The consfastands for the number of pixels in the specified region.

RMS If you chooseRMSthen the following error measure is computed

(RMS) = [ 5"~ 05
¥

wheref is the graph you have specified@saph 1andg is the graph you have specified@saph 2 and the sums are
over all pixels determined by the region displayed Gaph 1(this allows you to compare zooms of the two graphs,
provided you perform the identical zooms). The consfaistands for the number of pixels in the specified region.

Norm

A Normof a graph is a numerical measure of its magnitude (we digbis$urther below). To compute the norm of a
displayed graph, perform the followingsteps.
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1. In the text box labele@raph,enter the number for the graph whose norm you want to compute.

2. Select theNorm type.There are two kindsSupnorm andPowernorm. More details about these choices will be
given below.

3. Select whether the norm is to Bésoluteor Relative.

4. Click on the button labele@ompute. The norm will be computed and the result will be given in the teox
below theComputebutton.

Note: Norms are computed over the region shown on screers may represent a subregion of the full region over
which the graph is defined, if you have changed the displapmneg
Definitions of various norms

We now describe the various norms that can be computed., Bgstime thaf\bsolutenorms are computed. If Sup
norm is chosen, then the maximum absolute value of all theifipe graph’s values is found over the region for which
the graph is displayed, and this maximum is &wpnorm. If aPowernorm is selected, then the power to be used must
be specified in the text box label@dwer. The powerp, must be a number greater than or equdl.tdhe power norm

is computed by forming a Riemann sum approximation to thegiratl of the power p of the absolute value of the graph,
over the region for which the graph is displayed, and theimtathep™ root of the result. Note: If you checked the
box labeledNormalizedthen, before the'" root is taken, the approximate integral is divided by thearkthe region

on screen.

Trace

This procedure can be used for reading off the values of th@adied graphs. As the function values are displayed on
the right, there arerosshairsdrawn on the graphs on the left to indicate where these fomethlues lie on each graph.

There are a couple ways to change the position of the crasshai

1. You can click on the screen at a point on a graph whose auateti you desire. If you click with the left mouse
button, then the crosshairs will move to the position that lrave clicked and the values will update on the right
side of the screen. If you click with the right mouse buttdrert you will also have the option of zooming in on
the point you have selected.

2. You can also use the button bar on the bottom left of the swvindvhich has buttons labeled with the following
symbols:

<< < > >> L C R

To see how these buttons work it is best to just try them (aisatdescription of their properties can also be
found by simply resting the mouse on them and waiting for atshessage to appear).

Calculator

To perform a calculation with the calculator, proceed alofas.

1. Enter a formula for calculation in the text box at the topli?/formulas are ones that would be accepted by most
graphing calculators. For example, these two formulas

cos(pi/8)

sqgr(2a/b) \a = 32\b = pi
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are valid formulas. Notice that in the last formula, we usethmand strings to substitute the values3afin
place ofa andpi in place ofb in the formula. (More details on the functions available barfiound in Section 5.1

beginning on p. 60.)

2. Click on the button labele@alculatein order to perform the calculation.

Integral
To compute an integral of a displayed graph, perform thefahg 2 steps.
1. In the text box labeleGraph,type in the number of the graph for which you want to computatagral.

2. Click on the button labele@ompute This will result in the computation of the integral, over tiegion for which
the graph is displayed. The result, which is a trapezoidelapproximation of the exact integral, is displayed in
the text box below th€omputebutton.

Scalar product
To compute a scalar product of two displayed graphs, pertbenfollowing steps.

1. In the text boxes labeld@raphlandGraph2,enter the numbers of the graphs for which you want to compute a
scalar product.

2. Click on the button labele@ompute.This will result in the computation of the scalar producegnal over the
region shown on screen. The result, which is a trapezoidalapproximation of the exact integral, is displayed
in the text box below th€omputebutton.

Filtering
Filtering is performed (typically this is done to a Fourimarisform of some signal) using the followifigsteps.

1. Select the type dbatato be filtered. There are two typeRealor Complex.If you selectRealthen you must
enter the number of the graph for the real data in the text &logledGraph. If you selectComplexthen you must
enter the numbers of the graphs for the real and imaginatyg pthe complex data in the text boxes labeRehl
andimag.

2. Select the type dfilter. There are two typedRealor Complex.If you selectRealthen you must enter the number
of the graph for the real filter in the text box label&daph. If you selectComplexthen you must type in the
numbers of the graphs for the real and imaginary parts of engptex filter in the text boxes labeldgtealand
Imag.

3. To perform the filtering click on the button labelBtbt. This will multiply the data function values by the filter
function values to produce the filtered function values.

5.11.9 Help

This item typically has two choices. There is a general ahditelp for FAWAV (2D)which you choose to get the
general help for all of the features of the 2D-form. When aatjdlox is open on the right side of the screen, there will
be a second choice specifically designed to access thedlégiie in the help file (a form of interactive help).

5.12 The Popup menu for 2D Forms

If you right-click on the graph area on the left of a 2D-forthet a popup menu will appear with 14 items. We now
discuss each of these items.
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5.12.1 Zoom

This choice will zoom-in to a region centered on the coortdinaf the tip of the mouse pointer (at the time that you
right-clicked on the graph area).

5.12.2 Restore full image

This choice will zoom-out to the full image that you clicked.o

5.12.3 View large size or View small graphs

This choice allows you to view either the large version of ginaph you clicked on, or view small versions of all the
graphs.

5.12.4 Histogram
To compute a histogram of a displayed graph’s values, partbe following steps.
1. In the text box labeleGraph,type the number of the graph for which you want to compute biam.

2. From the list labele@uantization,select the number of levels (divisions of the range of valtede used for
computing the histogram.

3. If zero levels are to be included—this is known as uniforralacquantization—then check the box labeled
Include zero valuedf this box is not checked, then the method is known as dea@-goantization.

If a sign bit is to be included (i.e., both positive and negati@lues are quantized), then check the box labeled
Include sign bit.If this box is not checked, then only absolute values are tigeah

4. To perform the histogram calculation, click on the buttdreledPlot.

Note: The histogram is performed relative to the largestmitade of the graph’s values (over the region displayed)
and using only displayed values (so if you have zoomed in jingrthe region where you have displayed values is used
for the histogram). The abscissa values of the histogranthargraph maxima divided b¥ raised to the number of
bits used. For example, if the histogram i6-hit histogram, with sign-bit, then it will be graphed oVer32, 32] so the
values+32 correspond tat M whereM is the maximum absolute value for the graph.

5.12.5 Clip

This procedure is used to clip a portion of a graph, therebgtang a smaller size graph (using less points). To clip a
portion of a graph, isolate that portion on screen (by zoginand then right-click on the graph area and se@i
graph.

5.12.6 Copy

This procedure is used to copy the data from the graph thatigbt:clicked on. You can then use tRastecommand
to copy it into another 2D-form.

5.12.7 Paste

After a graph has been copied (as described in the previens,ithen this choice is used for pasting it (graphing it)
into a 2D-window. The graph can be pasted as many times as ighuas long as another graph is not copied in the
meantime.
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5.12.8 Delete

This choice is used to remove the graph that you right-ctiake. Warning: Once the graph has been removed, it
cannot be restored. All of its data is lost, unless you havedsd.

5.12.9 Load

This choice can be used for loading a signal. There are twizebo(1)Graph(see Section 5.1.12 on p. 66); (B)age
(see Section 5.1.10 on p. 65).

5.12.10 Save graph

This choice can be used for saving a signal in one of two famA) You selecGraphto save a signal in binar§b2
format (for loading using th&oad/Graphmethod); (2) You seledinageto save a signal in one of the image formats
(for loading using thé.oad/Imagemethod).

5.12.11 Print graphs

You can print graphs directly to paper output, or print gapiha file (for later use in a document preparation system,
such asATpX). We now describe each of these methods.

Printing graphs directly onto paper

To print the graphs on screen directly onto paper, you pertbe following6 steps.

1. From the list of choices, chooseargethod of printingsuch asSmall, top, left. These choices determine the size
of the printout and where it is positioned on the page.

. If you want the right-side labels (along the vertical) eogrinted, then check the box labelRdjht labels.
. If you want the lower labels (along the horizontal) to biefed, then check the box labeledwer labels.

. If you want the caption for the graph to be printed, therckhbe box labele@aption.

a A W DN

. Click on one of the printout buttons, eitherint or Print and Eject. If you click on Print then the graph will
print, but will not eject from the printer. This allows fonsaal different graphs to be printed on the same page.
If you want to eject a printed page, then click on the buttdreladEject. If you want to print the graph and eject
the page, then click on the button labekint and Eject.

Printing graphs to a file

To print graphs on screen to a file, you perform the follon2rgjeps.
1. Click on the button labeleSave Printout to File.

2. From the dialog box that appears, specify a file name faingathe printout data. Suppose this file name is
fname , then the data for printing graphs is saved in a fittme.bmp

For further information on how to include this image file irethTeX document preparation system, see the article,
IATEX Graphics withFawav, which is in the\LaTeX subdirectory of the Bwav directory (as both &IEX file and a
PostScript file).

5.12.12 Display cursor coordinates

You select this choice in order to provide a readout of cawtdis in the graph area. Its default settingnsand it is
listed with a checkmark’. When you select it that setting changestioand the checkmark is removed. The readout
is given of thex- andy-indices, and the image value, located at the tip of the matresv.



Chapter 6

Audio Editor

This form is used for simple processing of sound files: priegalips of them for analysis by the 1D-form. When it is
selected the form shown in Figure 6.1 loads. You can theroparthe following tasks:

1. Loading a sound file

2. Clipping a portion of a file
3. Analyzing a sound clip

4. Recording sounds

which we now describe.

Edit  Wigw

Al S amples

Figure 6.1
The window that opens whenNew Audio editor is selected.
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6.1 Loading a sound file

To load a.wav file (WiNDOWS sound file), choos€ile/Openfrom the menu. The present versionAuidio Editor
does not handle stereo sound. So make sure you load a morbfileun

If you are unsure about the nature of the file, load the file wlith Sound Recordeprogram, found inPro-
grams/Accessories/Multimedien theStartbutton’s menu. You can then select tPmpertiesitem on theFile menu of
Sound Recordelf the file is classified as mono in its list of properties, tly@u can safely load it intéwdio Editor.

You can also use the free sound editbudacity,to convert a selected stereo track to a mono track, and then sa
that mono track for loading intS8ound Editor.

6.2 Clipping a portion of a file

To clip a portion of a sound file for 1D analysis, perform thidwing 3 steps:

1. Left-click on the sound graph region, on the left side & Smund Editoiwindow, at the place where you want
the sound clip to begin. A green line will appear to mark tlagpon the sound signal.

2. Left-click on the sound graph region, at a place to thetriglthe line marked in step 1, to mark the endpoint of
the sound clip. A red line will appear to mark this point. NoBecause the 1D analysis procedures Awky
require a power of two for the number of points, the end liney mat appear at precisely the point you have
clicked.

3. Right-click on the sound graph region. From the popup mbatappears, sele@ip. The portion of the sound
signal you have marked off will then be graphed in the souilmx to the right of théAudio Editorwindow.
You can then perform analysis on the sound clip by clickingr@Analysisbutton.

6.3 Analyzing a sound clip

Once a sound clipping is displayed in the clip window on thghtiside of theSound Editorwindow, then you can
perform analysis on this clip by clicking on the Analyze butt The sound clip is then displayed in a 1D-form window,
and you can then perform all of the various analysis pro@si(wavelet transforms, scalograms, etc.) that are alailab
in the 1D-form window.

6.4 Recording sounds

The present version dbound Editordoes not have a procedure for recording sounds. Fortundtelyever, there
is a good program for recording sound files on your computeis talledSound Recordeand it can be found in
Programs/Accessories/Multimedism the Startbutton’s menu. You can also use the free audio editopACITY, to
do the recording.

You can useSound Recordeto record mono sound files that you can then load #utdio Editor. Do not record
stereo sound files for loading infeudio Editor. Audio Editor only works with mono sound files.

6.5 Menu Items for Audio Editor
There are 4 menu items on tAeidio Editorform:
File Edit View Help

We now describe the contents of each of these 4 items.
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6.5.1 File

TheFile menu contains 9 items, which we now examine.

1. New 1Dim Selecting this item will open a new 1D-form (see Chapter Arivégg on p. 11). Each 1D-form is
numbered when it is opened. You can access a list of all opeimabws by selectingiewfrom the menu.

2. New 2Dim Selecting this item will open a new 2D-form (see Chapter Srr@gg on p. 59). Each 2D-form is
numbered when it is opened. You can access a list of all opeimatbws by selectingyiewfrom the menu.

3. New Audio Editor Selecting this item will open a new Audio Editor window. Eakhdio Editor is numbered
when it is opened. You can access a list of all opened windgvezlectingviewfrom the menu.

4. New Image ProcessorSelecting this item will open a new Image Processor windae (Shapter 7 beginning
on p. 89). Each Image Processor is numbered when it is op&oecdcan access a list of all opened windows by
selectingviewfrom the menu.

5. Open audio file Selecting this item will allow you to load avav file. If a .wav file is already loaded, then
this item is not available (to make it available you would chémselecClear editorfrom the Edit menu.

6. Open form You select this item in order to open a previously saved foeithér a 2D-form, a 2D-form, a
Spectrogram form, or a Scalogram form). A standansiidws File Opendialog box opens up, from which you
can select a saved form to load. The file extensiatt is used for 1D forms, the file extensidw2 is used for
2D forms, the file extensiorspg is used for spectrograms, and the file extensémg is used for scalograms.

7. Save as This item allows you to save the audio file presently loadéd the Sound Editor. You save it as a
wav file.

8. Save This item allows you to save the audio file to the file specifigdie Save agprocedure just described.

9. Close This item closes th&ound EditorWarning: you are not prompted for saving work.

6.5.2 Edit

This item has the following 2 choices.
1. Erase clip lines If you select this item, then any clip lines that you have redrkn the sound file will be erased.
2. Clear editor If you select this item, then the sound file that is preserdbded in theAudio Editor will be

removed and you can load a different sound fete: You are not prompted for saving the loaded file.

6.5.3 View

This item contains 2 options. If you sele&trange windowghen you can perform automatic rearrangement of the
positions of multiple windows within the maimi#av window. TheViewmenu always has at its end a listing of all the
windows that are open within theawvav workspace, so that you can select which window to be theeactie. [The
presently active one is marked with a checkmarf.{

6.5.4 Help

This choice loads a WWibows help file for theAudio Editorform.
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6.6 The Popup menu for the Audio Editor

If you right-click on the graph area on the left of tSeund Editorform, then a popup menu will appear with 5 items.
We now discuss each of these items.

1.

Move clip region If a clip region (see Section 6.2 on p, 86) has been specified,gelecting this item will move
the left side of the clip region to the horizontal locationrkea by the tip of the mouse arrow at the point where
you right-clicked on the graph area.

. Clip Choosing this item will select a region on the sound file faalgsis. (See Section 6.2 on p, 86 for further

discussion.)

. Cut Choosing this item will cut out the specified clipping regimom the sound file. The cut out region will

then be available for pasting at the location specified byidfieeursor (colored green) within the presénidio
Editor form. Note: to paste the cut portion into a different sound file, you stiadlectClear editorfrom the
Edit menu and then load the new audio file into the preSenind Editofform.

. Copy Choosing this item will copy the specified clipping regioorfr the sound file. The copied region will

then be available for pasting at the location specified byidfteeursor (colored green) within the preséaidio
Editor form. Note: to paste the copied portion into a different sound file, yoauth selecClear editorfrom the
Edit menu and then load the new audio file into the preSenind Editorform.

. Paste If you have cut or copied a portion of a sound file, then chagp#iis item will insert that portion into the

sound file beginning at the location specified by the leftaufsolored green), the sound will be inserted without
overwriting any portion of the sound file.



Chapter 7

Image Processor

This form is used for simple processing of image files, suatoaspression and denoising. When it is selected the form
shown in Figure 7.1 loads. You can then perform the followamsks:

1. Loading an Image

2. Compressing an Image

3. Decompressing an Image
4. Denoising an Image

5. Measuring error

6. Saving a processed image

which we shall now describe.

7.1 Loading an Image

To load an image, you perform the following 3 steps:
1. Selectile from the menu.
2. SeleciGet imagdrom theFile menu.
3. Use the standard \WbDows File Opendialog box to select an image file.

Image Processaworks with various image formats. These must be 8-bit gtesimages.

7.2 Compressing an Image

Image Processomplements the ASWDR compression algorithm. For detailsiaitios algorithm, consult the follow-
ing references:

1. J.S. Walker, Lossy image codec based on adaptively sdammeelet difference reductio®ptical Engineering,
39,1891-1897, July 2000.

2. J.S. Walker and T.Q. Nguyen, Adaptive scanning methodwé#velet difference reduction in lossy image com-
pressionProceedings ICIP 200Gept. 2000.

89
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Figure 7.1
The window that opens whenNew | mage processor is selected.

3. J.S. Walker and T.Q. Nguyen, Wavelet-based image cosipresChapter 6 irHandbook of Transforms and
Data CompressionCRC Press, Boca Raton, FL, 2000.

These materials are available from fPeblicationslink of the following webpage:
http://www.uwec.edu/walkerjs/ (7.1)
To compress an image you perform the following steps:
1. Load the image (see Section 7.1 on p. 89 for more details).

2. Specify a wavelet. The choices are (1) DD 5/3 Integer, @)232,2 Integer, (3) Daub 9/7. The first two choices
are integer-to-integer systems which allow for losslessm@ssion, and the third is the most popular system for
lossy compression. The first two systems are described ifollogving reference:

A.R. Calderbank, I. Daubechies, W. Sweldens, B.-L. Yeo, 8l&transforms that map integers to integers.
Applied and Computational Harmonic Analysis 332—369, 1998.

and the third system is described in

A. Cohen, |. Daubechies, J.-C. Feauveau, Biorthogonalsbhakeompactly supported wavelet€omm.
Pure Appl. Math.45,485-560, 1992.

3. Specify a bit rate (bits per pixel, bpp). Since the originege is8 bpp, the default choice @25 bpp produces
a 32:1 compressiomote: To produce lossless compression, with either the 5/3 or2wayelet systems, you
should specify9 bpp.

4. (Optional) If you have selected a region of interest (segtiSn 7.2.1 on p. 91), then you should specify a per-
centage of bits to ROI. This percentage, which is a decimaldxn0 and1, specifies the fraction of the Total
Bit Budget:

(Total Bit Budget)= (Rows)- (Columns)- (8 bpp)
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to allocate to the ROIL. If is the Percentage of bits to ROI, then
(Total Bit Budget)- (1 — p)

bits are first allocated to compressing the whole image.rAfftis part of the Total Bit Budget is exhausted, then
the remainder of bits are allocated to the region of interest

5. Once these preliminary steps are carried out, you thek ah theGo button. A dialog box will appear for you to
specify the name of the compressed file. Since this is a demading program, it supplies information—such as
a display of the transformed image and how many symbols ang leecoded—as the compression is performed.

7.2.1 Region of Interest

To specify a region of interest, which will be more accunataimpressed than the whole image, you click on the image
with the right mouse button and (while holding the right mebsatton down) draw a rectangle on the screen. When you
lift up the right mouse button, the rectangle is displayed] this rectangle marks off the region of interest.

If you are performing lossy compression, then the regiomugrest will be preserved with greater fidelity than the
rest of the image. On the other hand, if you are performingléss compression, then the region of interest will be
exactly preserved (no errors) while the rest of the imagéhgilcompressed in a lossy fashion (how lossy depends on
the percentage of bits to ROI value).

Note: To turn off the region of interest, you click on the image wtitle left mouse button.

7.3 Decompressing an Image

To decompress an image, you selBetcompres$rom the menu (this selection is done automatically whenctira-
pression process finishes). You then press3béutton and select the file you wish to decompress.

If you specify a bpp rate that is less than the bpp rate usezbfopressing the file, then the file will be decompressed
using this new bpp rate. This is called embedding. The cosseckfile has embedded within it all lower resolution
images obtainable from lower bpps. This embedded propettsHor both lossy and lossless compressions.

7.4 Denoising an Image

Image processor has four different procedures for imageisieg.
TAWS This routine implements the TAWS algorithm as described énftiowing two references:

1. J.S. Walker and Y.-J. Chen, Image denoising using treptad wavelet subband correlations and shrinkage.
Optical Engineering39, 2900-2908, Dec. 2000.

2. J.S. Walker, Tree-adapted wavelet shrinkaggvances in Imaging and Electron Physi2602.

These materials can be obtained from Ehblicationslink of the webpage listed in (7.1)

TAWS is used for denoising images corrupted by random (Ganpabise, the most common type of noise. You
can choose from options that allow for shrinkage or no slagiek as well as averaging or no averaging. Best
performance (although it takes longer time) is obtaineth aiteraging.

SureShrink The second routine is the famous method of SureShrink. keslfior denoising images corrupted
by random (Gaussian) noise, the most common type of noise.

Median The third method is 3 by 3 median denoising. Itis used to denionages that are corrupted by impulse
noise (also called “salt and pepper” noise).
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Adaptive median The fourth method denoises an image using a 3 by 3 adaptiveamélier. The pixel value
centered on the 3 by 3 region is only replaced by the medias ifalue differs from the median by more than
+10%. Itis used when there is “salt and pepper noise” (also céitepulsive noise”) present. It usually performs
a more sharply resolved denoising than median denoising.

7.5 Measuring error

To measure the error between the original and the decongurésgmge, you seledError measurefrom the menu.
There are three possible error measures to use: (1) SupSERRP(3) RMS. These error measures are computed as
follows.

Sup The Sup (supremum) error is the largest magnitude errordmivthe two image values at all pixels. The
Sup error is particularly useful for checking on losslessodepression.

PSNR The PSNR (peak signal to noise ratio) is computed by the famu

2552

where (MSE) is the Mean Square Error.The Mean Square Error is the sum of the squares of the diffesen
between image values at all pixels divided by the total nunolbgixels. PSNR is used most often in assessing
the fidelity of lossy compression (its logarithmic charadcteelated to human visual sensitivity).

RMS The RMS (root mean square) error is the square root of the Neaare Error. The RMS error can be
interpreted in terms of grey-scale units.

Note: If a region of interest has been selected, then each of theeadroor measures can be applied only to the
region of interest. This is done by checking the box lab&edtrict to Region of Interesbn the other hand, if that box
is not checked, then these error measures are applied tdble inages.

7.6 Saving a processed image

To save a processed image (which appears on the right), yect Bide and then seleckave Reconstructed Image.
dialog box opens and you can save the processed imagédampdfile.

7.7 Menu Items for Image Processor

There are 8 menu items on thmage Processaiorm:
File Edit View Compress Decompress Denoise Error measuredp H

We now describe the contents of each of these 8 items.

7.7.1 File

TheFile menu contains 6 items, which we now examine.

1. New 1Dim Selecting this item will open a new 1D-form (see Chapter 4rirégg on p. 11). Each 1D-form is
numbered when it is opened. You can access a list of all opeimatbws by selectingiewfrom the menu.

2. New 2Dim Selecting this item will open a new 2D-form (see Chapter Srrd@gg on p. 59). Each 2D-form is
numbered when it is opened. You can access a list of all opeimatbws by selectinyiewfrom the menu.



7.7. MENU ITEMS FOR IMAGE PROCESSOR 93

3. New Audio Editor Selecting this item will open a new Audio Editor window (sdea@ter 6 beginning on p. 85).
Each Audio Editor is numbered when it is opened. You can acadist of all opened windows by selectikgw
from the menu.

4. New Image ProcessorSelecting this item will open a nelmage Processowindow. Eachimage Processor
form is numbered when it is opened. You can access a list afpglhed windows by selectingew from the
menu.

5. Get Image This procedure is used for loading a new image for processtag Section 7.1 on p. 89 for more
details.

6. Save Reconstructed Imagdis procedure is used for saving a processed image. Seerséd on p. 92 for
more details.
7.7.2 Edit

This item contains two procedures: (1) Copy left image, &)dCopy rightimage. You choose one of these procedures
to copy an image (either the left or right image on thage Processoform) to the WINDoOwS clipboard. From the
clipboard you can paste the copied image into othenddws programs.

7.7.3 View

This item contains 2 options. If you selestrange windowghen you can perform automatic rearrangement of the
positions of multiple windows within the maimiav window. TheViewmenu always has at its end a listing of all the
windows that are open within theawav workspace, so that you can select which window to be theactie. [The
presently active one is marked with a checkmarf.{

7.7.4 Compress

You choose this item in order to compress an image that yoe loaded. See Section 7.2 on p. 89 for more details.

7.7.5 Decompress

You choose this item in order to decompress an image that goe saved in compressed form. See Section 7.3 on
p. 91 for more details.

7.7.6 Denoise

You choose this item in order to perform various kinds of deing of an image that you have loaded. See Section 7.4
on p. 91 for more details.

7.7.7 Error measures

You choose this item to calculate various error measureegdst the image on the left of the form and the image on the
right of the form. See Section 7.5 on p. 92 for more details.

7.7.8 Help

This choice loads a Wbows help file for thelmage Processaform.



