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If the first button is pushed, the first callback function is called, which would
produce the result in Fig. 13.21.

It is also possible to have one callback function invoked, or called, by multiple
objects. In the example with two pushbuttons, instead of having one callback
function associated with each pushbutton, we could have just one callback
function. In that case, the value of the input argument hObject would be
checked to determine which object called it. A modified GUI to accomplish this
is shown next.

function guiWithTwoPushbuttonsii.m

function guiWithTwoPushbuttonsii

% guiWithTwoPushbuttonsii has two pushbuttons
% but just one callback function

% Format: guiWithTwoPushbuttonsii

% Create the GUI but make it invisible for now while

% it is being initialized

f = figure('Visible', 'off','Color','white','Units', ...
'Normalized', 'Position', [.25 .5 .4 .21);

f.Name = 'GUI with 2 pushbuttons';

movegui (f,'center")

% Create a pushbutton that says "Push mell"

hbuttonl = uicontrol ('Style','pushbutton','String', ...
'Push mel!l', 'Units', 'Normalized,...
'Position',[.3 .6 .4 .27,
'Callback',@callbackfn);

% Create a pushbutton that says "No, Push me!!"

hbutton2 = uicontrol ('Style','pushbutton','String', ...
'No, Push me!!', 'Units', 'Normalized',...
'Position',[.3 .3 .4 .27,
'Callback',@callbackfn);

% Now the GUI is made visible

f.Visible = 'on';

% Call back function for both buttons
function callbackfn(hObject,eventdata)
% callbackfn is called by the 'Callback' property

set([hbuttonl hbutton2],Wisible','off");

hstr = uicontrol('Style','text', ...
'BackgroundColor', 'white', 'Units',...
'Normalized','Position',[.4 .5 .2 .27,
'FontSize',30);

if hObject == hbuttonl

hstr.ForegroundColor 'Red";
else
hstr.String = "*xx**,
hstr.ForegroundColor = 'Blue';
end
hstr.Visible = 'on';

end

end
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In this example, the value of the input argument hObject was used by the call-
back function. The second input argument, eventdata, was not used, however.
Whenever any callback function is called, both arguments are automatically
passed to the callback function. If the callback function is not going to use
one or both, the tilde can be put in the function header instead of the name
of the input argument. In the previous example, the header could have been:

function callbackfn(hObject,~)

13.2.3 Plots and Images in GUIs

Plots and images can be imbedded in a GUI. The next example guiSliderPlot
shows a plot of sin(x) from 0 to the value of a slider bar. The axes are positioned
within the Figure Window using the axes function, and then when the slider is
moved the callback function plots. Note that the default Units property for an
axes object is Normalized.

function guiSliderPlot.m

function guiSliderPlot

% guiSTliderPlot has a slider

% 1t plots sin(x) from 0 to the value of the slider
% Format: guiSliderPlot

f = figure('Visible', 'off', 'Units', 'Normalized,...
'Position', [.2 .5 .4 .37, 'Color', 'white');

% Minimum and maximum values for slider
minval = 0;

maxval = 4*pi;

% Create the slider object

sThan = uicontrol('Style','sTider','Units','"Normalized,...
'Position',[.3 .7 .4 .17,
'Min', minval, 'Max', maxval,'Callback', @callbackfn);

% Text boxes to show the min and max values and slider value

hmintext = uicontrol('Style','text','BackgroundColor', 'white',
'Units','"Normalized','Position', [.1 .7 .1 .17,...
'String', num2str(minval));

hmaxtext = uicontrol ('Style','text', 'BackgroundColor', 'white',...
'Units', 'Normalized','Position', [.8 .7 .1 .17,
'String', num2str(maxval));

hsttext = uicontrol('Style','text','BackgroundColor', 'white', ...
'Units','"Normalized', 'Position', [.45 .8 .1 .17,...
Wisible','off');

% Create axes handle for plot

axhan = axes('Position', [.2 .1 .6 .5]);

f.Name = 'STider Example with sin plot';
movegui (f,'center")
f.Visible = 'on';
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% Call back functiondisplays thecurrentslidervalue&plotssin
function callbackfn(~,~)
% callbackfn is called by the 'Callback' property
% in the slider
num = slhan.Value;
set(hsttext,'Visible','on','String',num2str(num))
x = 0:num/50:num;

y = sin(x);
plot(x,y)
xTabel('x")
ylabel('sin(x)")
end
end

After the slider bar is moved, the callback function plots sin(x) from 0 to the
position of the slider bar. Figure 13.22 shows the configuration of the window,
with the slider bar, static text boxes to the left and right showing the minimum
and maximum values, and the axes positioned underneath with the plot.

Images can also be placed in GUIs, again using axes to locate the image. In a
variation on the previous example, the next example displays an image and
uses a slider to vary the brightness of the image. The result is shown in

Fig. 13.23.
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FIGURE 13.22
Plot shown in a GUI Figure Window.
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guiSliderImage.m

function guiSTiderImage

% guiSliderImage has a slider

% Displays an image; slider dims it
% Format: guiSliderImage

f = figure('Visible', 'off', 'Units', 'Normalized',...
'Position', [.2 .5 .4 .37, 'Color', 'white');

% Minimum and maximum values for slider

minval = 0;

maxval = 1;

% Create the slider object

sThan = uicontrol('Style','slider','Units','"Normalized,...
'Position',[.3 .7 .4 .17,
'Min', minval, 'Max', maxval,'Callback', @callbackfn);

% Text boxes to show the min and max values and slider value

hmintext = uicontrol ('Style','text','BackgroundColor', 'white',
'Units','"Normalized','Position', [.1 .7 .1 .17,
'String', num2str(minval));

hmaxtext = uicontrol('Style','text', 'BackgroundColor', 'white', ...
'Units', 'Normalized','Position', [.8 .7 .1 .17,
'String', num2str(maxval));

hsttext = uicontrol('Style','text','BackgroundColor', 'white', ...
'Units','"Normalized', 'Position', [.45 .8 .1 .11,...
Wisible','off');

% Create axes handle for plot

axhan = axes('Position, [.2 .1 .6 .51);

f.Name = 'STider Example with an image';
movegui(f,'center')
f.Visible = 'on';

% Call back function displays the current slider value & image
function callbackfn(~,~)
% callbackfn is called by the 'Callback' property
% in the slider
num = slhan.Value;
set(hsttext,'Visible',’on','String',num2str(num))
myimagel = imread('snowyporch.JPG");
dimmer = num*myimagel;
image(dimmer)
end
end

13.2.4 Button Groups

This section illustrates radio buttons, and grouping objects together; in this
case, in a button group.

The next GUI presents the user with a choice of colors using two radio buttons,
only one of which can be chosen at any given time. The GUI prints text to the
right of the radio buttons, in the chosen color.
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FIGURE 13.23
GUI with an image and slider for brightness.

The function uibuttongroup creates a mechanism for grouping together the
buttons. As only one button can be chosen at a time, there is a type of callback
function called ‘SelectionChangedFcn’ that is called when a button is chosen
(note: prior to R2014Db, this was named ‘SelectionChangeFcn").

This function gets from the button group which button is chosen with the
‘SelectedObject’ property. It then chooses the color based on this. This property
is set initially to the empty vector, so that neither button is selected; the default
is that the first button would be selected.

guilWithButtongroup.m

function guiWithButtongroup
% guilWithButtongroup has a button group with 2 radio buttons
% Format: guiWithButtongroup

% Create the GUI but make it invisible for now while

% it is being initialized

f = figure('"Visible', 'off','Color','white','Units', ...
'Normalized', 'Position',[.2 .5 .4 .31);

% Create a button group

grouph = uibuttongroup('Parent',f,'Units','Normalized,...
'Position',[.2 .5 .4 .47, 'Title','Choose Color',...
'SelectionChangedfcn', @whattodo);

% Put two radio buttons in the group

toph = uicontrol(grouph,'Style','radiobutton', ...
'String','Blue','Units','Normalized,...
'Position', [.2 .7 .4 .21);
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both = uicontrol(grouph, 'Style','radiobutton',...
'String','Green','Units','Normalized', ...
'Position,[.2 .4 .4 .2]);

% Put a static text box to the right

texth = uicontrol('Style','text','Units','"Normalized', ...
'Position',[.6 .5 .3 .3],'String','Hello0',...
"Wisible','of f','BackgroundColor','white');

grouph.SelectedObject = [1; % No button selected yet
f.Name = 'GUI with button group';
movegui (f,'center')

% Now the GUI is made visible
f.Visible = 'on';

function whattodo(~, ~)
% whattodo is called by the 'SelectionChangedFcn' property
% in the button group

which = get(grouph,'SelectedObject');
if which == toph
texth.ForegroundColor = 'blue';

else
texth.ForegroundColor = 'green';

end

texth.Visible = 'on';
end

end

Figure 13.24 shows the initial configuration of the GUI: the button group is in
place, as are the buttons (but neither is chosen).

Once a radio button has been chosen, the whattodo function chooses the color
for the text, which is printed in a static text box on the right, as shown in
Fig. 13.25.

13.3 APP DESIGNER

We have seen how to create GUI functions that include objects such as push
buttons and sliders, and how to write callback functions that allow the user’s
actions to control what the code does. App Designer allows the user to graph-
ically lay out similar objects, which are called components. However, there are
more types of components than what we had with GUIs, and the code that is
generated is all object-based. Thus, the use of App Designer, which creates app
classes derived from a superclass, will reinforce the OOP concepts covered in
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Button Group with Radio Buttons.
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Button Group: Choice of Color for Text.

Chapter 11. Also, App Designer creates Ul Figure windows, whereas GUIs use
Figure Windows.

13.3.1 Intro to App Designer
There are two ways to launch App Designer. You can click on Design Apps from
the Apps tab. Typing the command appdesigner in the Command Window
will also bring up App Designer.

>> appdesigner
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The start page has tutorials, examples, and Recent Apps that you have created.
To begin a new app, choose Blank App. Figure 13.26 shows the blank App
Designer; in the middle is the blank layout under “Design View,” which is
called the canvas. The Component Library on the left shows the icons of the
components that can be created. On the right there is the Component Browser.
In the Component Browser, the default name for the blank figure, app. UIFigure,
can be seen.

On the top of the Component Library, the Common components can be seen
(including axes, buttons, labels, sliders, and spinners). Scrolling down, one can
see the remainder of the Component Library, including the Containers,
Figure Tools, and Instrumentation components. The Containers include Grid
Layout, Panel, and Tab Group. The Figure Tools include Context Menu, Menu
Bar, and Toolbar. Finally, the Instrumentation Components include gauges,
knobs, lamps, and switches.

Clicking on “Code View” instead of “Design View” shows the code that has
been created for the blank app. App Designer creates a class named app1 that
is derived from a MATLAB apps superclass called matlab.apps.AppBase. The
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FIGURE 13.26
App Designer layout.


http://cbs.wondershare.com/go.php?pid=5247&m=db

properties will consist of all of the components; for now, there is just one prop-
erty, which is the Ul Figure Window. There is also a private methods block, and
a public methods block.

classdef appl < matlab.apps.AppBase
% Properties that correspond to app components
properties (Access = public)
UIFigure matlab.ui.Figure
end

% Component initialization
methods (Access = private)

% Create UIFigure and components
function createComponents(app)

% Create UIFigure and hide until all components created
app.UIFigure = uifigure('Visible', 'off');
app.UIFigure.Position = [100 100 640 4807;
app.UIFigure.Name = 'MATLAB App';

% Show the figure after all components are created
app.UiFigure.Visible = 'on';
end
end

%App creation and deletion
methods (Access = public)

% Construct app
function app = appl()

% Create UIFigure and components
createComponents(app)

% Register the app with App Designer
registerApp(app, app.UIFigure)

if nargout ==
clear app
end
end

% Code that executes before app deletion
function delete(app)

% Delete UIFigure when app is deleted
delete(app.UIFigure)
end

end
end

The methods are used for all of the app functions, including eventually callback
functions. For now, with just a blank UI Figure Window, the public methods
include the constructor function appl, and a function delete that deletes the
figure when the app is deleted. The constructor calls a private function create-
Components, which creates a Ul Figure using the uifigure function. It then uses

13.3 App Designer
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Note

that the dot notation is
used twice here, as in
app.UIFigure.Name.

the dot notation to set properties for the app. UIFigure, including its Name and
Position.

Also, when Code View is in use, the Component Library no longer shows on the
left. Instead, there is a Code Browser window on top, and an App Layout win-
dow on the bottom.

With just a blank canvas in Design View, none of the code in Code View is
editable.

We have seen the code that is generated with just a blank canvas. In the Design
View of the App Designer environment, components can be dragged from the
Component Library onto the blank canvas. When this is done, the code will be
updated to create a new property for each component, and to initialize some of
its properties (for example, the Position property will be based on the location
to which the component was dragged). Properties can then be modified in the
Component Properties Window to the right of the layout.

For example, one can drag a Label (generically named ‘Label’!) into the design
area. Because clicking on the label in the Design View chooses the label, this
brings up some of the label properties on the bottom right. Properties such
as the text on the label, its justification, font name, font size, and so forth
can then be modified. Each of these will modify the code that is created.

Assuming that no properties have been modified, and there is just a generic
label in the canvas, most of the code remains the same as with just a blank
UI Figure Window. Choosing Code View will show that the class appl now
has a new property Label, and the createComponents method creates a Label
using the uilabel function and gives it a Position. The added code is shown
in bold here (not in App Designer itself).

classdef appl < matlab.apps.AppBase
% Properties that correspond to app components
properties (Access = public)
UIFigure matlab.ui.Figure
Label matlab.ui.control.Label
end

% Create UIFigure and components
function createComponents(app)

% Create Label
app.Label = uilabel(app.UIFigure);
app.Label.Position = [421 431 30 151;
end
end

Modifying a property, such as changing the text of the label in the Label Prop-
erties window to be ‘Hello’ instead of ‘Label’ will modify the code in createCom-
ponents to:
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% Create HellolLabel

app.HelloLabel = uilabel(app.UIFigure);
app.HellolLabel.Position = [421 431 30 15];
app.HellolLabel.Text = 'Hello';

To run the app, click on the green Run arrow. This brings up a dialog box that
asks for the name of the file that will be created; the default name that shows is
“appl.mlapp”. Changing the name to “MyHelloLabel.mlapp” will create a file
with this name and bring up a UI Figure Window.

App Designer creates one file with the extension “.mlapp’.

Although this example shows the basics of App Designer and the object-based
code that it creates, it did not involve any callbacks.

13.3.2 Ul Figure Functions

As we have seen in Section 13.2, traditional GUIs create different types of
objects by specifying the Style property in the uicontrol function. For example,
a slider is created with uicontrol(‘Style’, ‘slider’). By contrast, App Designer
uses separate functions to create the different component types; for example,
a slider is created with the uislider function. In the previous section, we saw
two of these functions: uifigure, which creates the UI Figure Window, and uila-
bel, which creates a static text box.

Although typically these functions are only used within App Designer, all of
these functions could actually be called directly from the Command Window
or from any script or function. For example, the following code will bring up
the UI Figure Window shown in Fig. 13.27.

>> uif = uifigure;
>> uif.Name = 'Simple UI Fig Slider';
>> uislid = uislider(uif);

By creating a Ul Figure Window first, and then passing its handle to the uislider
function, the slider is put inside of that UI Figure Window (otherwise, a new Ul
Figure Window would be created for the slider). The properties of the slider can
be inspected, for example,

>> uislid
uislid =
Slider (0) with properties:

Value: 0
Limits: [0 100]
MajorTicks: [0 20 40 60 80 100]
MajorTickLabels: {'0' '20" '40' '60' '80" '100'}
Orientation: 'horizontal'
ValueChangedFcn: "'
ValueChangingFcn: "'
Position: [100 100 150 3]

Show all properties

13.3 App Designer

Note
that the label object has
been renamed.
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®=® Simple Ul Fig Slider
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FIGURE 13.27
Simple slider in Ul figure window.

For example, this shows that the value of the slider is 0. Of course, to do any-
thing with the value of the slider would require more complicated code with
callback functions. For sliders, there are two:

‘ValueChangedFcn': executes when the slider value has been changed
‘ValueChangingFcn’: executes as the slider is being moved

For example, the function uislideruilabel creates a Ul Figure Window with a
slider and a label. When the slider has been moved, the ‘ValueChangedFcn' call-
back is called, which puts the value of the slider in the label, as seen in
Fig. 13.28. Many of the concepts here are similar to those used in GUI callbacks.
The function uislideruilabel is a function that has a nested callback function,
whatslid. Because the whatslid function is nested, the variable scope is such that
the variables uilab and uislid can be used within the callback function without
passing them. The callback function has two input arguments representing the
source of the callback (in this case uislid) and the event, just like GUI callback
functions.
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®0® Ul Fig Slider with Callback
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FIGURE 13.28
Slider with label example.

uislideruilabel.m

function uislideruilabel

uif = uifigure;

uif.Name = 'UI Fig Slider with Callback';

uislid = uislider(uif);

uilab = uilabel(uif,'Position',[150 200 30 151);
uilab.Text = '0";

uislid.ValueChangedFcn = @whatslid;

function whatslid(source,event)

uilab.Text = num2str(round(uislid.Value));
end
end

The list of UI functions that create object components can be found in the App
Designer documentation. The documentation for each function describes the
properties that can be used for each, including all of the possible callback func-
tions. Of course, although these functions can be used programmatically as
shown in this section, it is not at all common to do so; rather, these functions
are used by App Designer.
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13.3.3 App Designer Examples

An advantage of App Designer is that it will create much of the code automat-
ically, and because it is based on objects, the private properties and methods
protect the apps that are created.

As an example of an app that uses a callback, an app will be created that is
similar to the previous example in which there is a slider and a label that
shows the value of the slider. Therefore, in the Design view, a slider is dragged
onto the canvas. Because it makes sense to label many components, such as
sliders, App Designer automatically creates a label when the component is
dragged into the design area. By default, the label is to the left of the slider.
In Design View, because there is one component, the slider, the properties
can be inspected and edited by clicking on the component (app.Slider) in
the Component Browser.

The Code View shows that three properties have been created:

properties (Access = public)
UIFigurematlab.ui.Figure
STider matlab.ui.control.Slider
SliderlLabel matlab.ui.control.Llabel
end

The constructor and other methods are similar to what was seen in a previous
example. App Designer does not automatically create callback function stubs.
Instead, on the top of the Component Browser, there is a choice of Inspector or
Callbacks. Selecting the Callbacks tab brings up two possible callback func-
tions. For example, enter the name “SliderValueChanged” for the Value-
ChangedFcn. This creates a new function, seen in Code View:
% Value changed function: Slider
function SliderValueChanged(app, event)
value = app.Slider.Value;
end
In the function, an example is given that shows how to reference the Value
property of the slider, but the function is editable. Most of the code has a gray
background, but the white box in the SliderValueChanged function indicates
that part of the function can be edited. Modifying the function body as follows
will put the value of the slider in the label.
function SliderValueChanged(app, event)
value = app.Slider.Value;

app.SliderLabel.Text = num2str(round(value));
end

In Design View, clicking on either the slider or its label will change the Prop-
erties window. For example, clicking on the label and then Configuration under

Label Properties allows one to change the initial label of “Slider” to “0”, which
is the initial value of the slider.
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To change properties of any of the objects, one can click on the object name in
the Component Browser. For example, clicking on “app.UIFigure” in the Com-
ponent Browser shows the “UI Figure Properties”. That allows us to change the
title of the UI Figure Window, for example to “App with Slider”. Do this by
scrolling down to Identifiers, and change the Name Property.

When the app is executed, the app is saved. Name it “slidertest”. After the slider
has been moved, the UI Figure window seen in Fig. 13.29 is created.

Unless the slider label was modified, the generic label “Slider” will show up
before the slider is moved. After that, the value of the slider will be shown in
the label text box. One way to fix this is to create a particular type of callback
function, a start-up function called StartupFcn, which can be used to specify
what you want to happen when the app first runs. By clicking on slidertest in
the Component Browser, and choosing Callbacks, a name can be given for
the StartupFcn. For example, if it is named StartMeUp, this will appear in the
Code View. It is editable, so a line can be added that initializes the slider label
to an empty character vector.

% Code that executes after component creation
function StartMeUp(app)

app.SliderLabel.Text ="';
end

[ N ] App with Slider
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FIGURE 13.29
App with slider and label.

13.3 App Designer
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The ValueChangedFcn only executes when the slider has stopped moving. By
contrast, another callback function, the ValueChangingFcn, can specify what
to do while the slider is being changed. Notice that while the slider is changing,
the Value property is obtained from the event input parameter.
% Value changing function: Slider
function SliderValueChanging(app, event)
cv = event.Value;
app.SliderlLabel.Text = num2str(round(cv));
app.SliderLabel.FontColor = [1 0 0];
end
Putting plots into apps uses a method that is very similar to GUIs: it is necessary
to first drag axes into the design layout, and then any plot will be placed within
the axes. For example, code was created by dragging axes into the canvas, and
also a push button. The pushbutton was named Plot! A callback function was
created for the push button, as follows:
% Button pushed function: PlotButton
function PlotButtonPushed(app, event)
x = -pi:0.1:pi;
y = sin(x);
plot(app.UIAxes, x, y, ")
end
Thus, when the push button is pushed, the sin plot shows in the axes. App
Designer creates x, y, and z labels and a title by default.

In Code View, in between the line numbers and the code, there are boxes with
dashes in them for all code blocks. Clicking on one will collapse that code dis-
play, and turn the dash into a plus (which allows the code to be expanded). App
Designer code can get long, so this is a convenient way to display only the code
that you are interested in seeing. This is new as of R2018b.

13.4 SOUND FILES

A sound wave is an example of a continuous signal that can be sampled to result
in a discrete signal. In this case, sound waves traveling through the air are
recorded as a set of measurements that can then be used to reconstruct the orig-
inal sound signal, as closely as possible. The sampling rate, or sampling fre-
quency, is the number of samples taken per time unit, for example per
second. Sound signals are usually measured in Hertz (Hz).

In MATLAB, the discrete sound signal is represented by a vector and the fre-
quency is measured in Hertz. MATLAB has several MAT-files that store for var-
ious sounds the signal vector in a variable y and the frequency in a variable Fs.
These MAT-files include chirp, gong, laughter, splat, train, and handel. There
is a built-in function, sound, that will send a sound signal to an output device
such as speakers.
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The function call:

>> sound(y,Fs)

will play the sound represented by the vector y at the frequency Fs. For example,
to hear a gong, load the variables from the MAT-file and then play the sound
using the sound function:

>> load gong
>> sound(y,Fs)

Sound is a wave; the amplitudes are what are stored in the sound signal variable
y. These are supposed to be in the range from —1 to 1. The plot function can be
used to display the data. For example, the following script creates a subplot that
displays the signals from chirp and from train, as shown in Fig. 13.30.

chirptrain.m

% Display the sound signals from chirp and train
subplot(2,1,1)
load chirp
plot(y)

ylabel ("AmpTitude")
title('Chirp")
subplot(2,1,2)
load train
plot(y)

ylabel ("AmpTitude")
title('Train")

Chirp

Amplitude

1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000

Train

Amplitude

Il
8000 10000 12000 14000

0 2000 4000 6000
FIGURE 13.30

Amplitudes from chirp and train.

13.4 Sound Files
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The first argument to the sound function can be an n x 2 matrix for stereo
sound. Also, the second argument can be omitted when calling the sound func-
tion, in which case the default sample frequency of 8192 Hz is used. This is the
frequency stored in the built-in sound MAT-files.

>> load train
fs
Fs =
8192
For more control over playing sound files, an audioplayer object can be created
using the audioplayer function, and then the sound can be played with the
play function. For example:

>> load handel
>> pl = audioplayer(y,Fs)
>> play(pl)

If you have a microphone built in to your computer, or some other audio input
device, you can record sound from it, and play it back using the play function.
First, an audiorecorder object is created, and then the audio input is recorded
for a specified block of time using the recordblocking method. For example,
the following creates an aurdiorecorder object myvoice, and records from the
microphone for 3 seconds, and then plays it back.

>> myvoice = audiorecorder;
>> recordblocking(myvoice, 3)
>> play(myvoice);

The getaudiodata function can be used to get the amplitude vector of the audio,
so for example it could be plotted.

>> y = getaudiodata(myvoice);

PRACTICE 13.5

If you have speakers, try loading one of the sound MAT-files and use the sound function to play the
sound. Then, change the frequency; for instance, multiply the variable Fs by 2 and by 0.5, and play
these sounds again.

>> load train

>> sound(y, Fs)

>> sound(y, Fs*2)
>> sound(y, Fs*.5)
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Bias in Data Sets

If the training and testing sets are not representative of the entire population,
then the data will be biased, and the model will not be adequately prepared to
make predictions for the population. This can be a very serious problem. There
are some rather infamous cases of this in image processing ML data sets (for
facial recognition, for example). For example, if you are trying to build a model
that will be able to distinguish between images of cats and dogs, and your train-
ing set has 1000 images of dogs but only 50 images of cats, the model will be
much more adept at identifying dogs than cats. But, if most of the 1000 dog
images are of beagles, the model will likely have trouble identifying other types
of dogs. This is true not just for image processing. For all types of ML models, it
is imperative that the data set represents the population as a whole.

Built-in Image Files

There are several built-in image files that can be used in MATLAB. Some are
built in as .jpg files, e.g., ‘streetl.jpg’. Others are .mat files that store variables.
For example, the file cape.mat stores three variables:

>> clear
>> load cape.mat
>> whos
Name Size Bytes Class Attributes
X 360x360 1036800 double
caption 2x55 220 char
map 192x3 4608 double
>> caption
caption =

255 char array
'NOAA altitude data for New England, including Cape Cod.
'Pseudocolor map uses blue for zero altitude.

The variable X is the image matrix, and map is a colormap with 192 colors. To
view it, the function imshow(X, map) can be used, which does not show indi-
ces, unlike image.

Scrubbing Image Data
Image matrices are large, so it is very important when building a data set of

images to cut down on the size wherever possible. Here is an image that uses
the RGB method.

>> streetimage = imread('streetl.jpg’);
>> size(streetimage)
ans =
480 640 3
>> image(streetimage)

13.4 Sound Files
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The image shows a street with cars and trucks, and buildings on both sides of
the street.

Cropping an image is one possibility. If, for example, we are only interested in
the traffic on the street, we might crop out a lot of the image.

>> cropped = streetimage(150:250, 150:420, :);
>> Tmage(cropped)

Now we have a much smaller image matrix, but we lose quality in the image by
doing this!

If color is not important, another possibility is to convert the color image to
grayscale, using the rgb2gray function:

>> gs = rgb2gray(cropped) ;

>> size(gs)

ans =

101 271

The rgb2gray function takes the three-dimensional image matrix, which stores
the Red, Green, and Blue components of each pixel, and converts it to a two-
dimensional intensity image. The numbers stored for each pixel are a weighted
combination of the numbers from the original RGB matrix. Therefore, the
number of rows and columns of the matrix are not changed, but the dimen-
sionality is reduced from three to two.

Hm Explore Other Interesting Features

Several audio file formats are used in industry on different computer
platforms. Audio files with the extension “.au” were developed by Sun
Microsystems; typically, they are used with Java and Unix, whereas
Windows PCs typically use “.wav” files that were developed by Microsoft.
Investigate the MATLAB functions audioread, audioinfo, and audiowrite.

Investigate the colorcube function, which returns a colormap with
regularly spaced R, G, and B colors.

Investigate the imfinfo function, which will return information about an
image file in a structure variable.

Investigate how colormaps work with image matrices of types uint8 and uint16.

In addition to true-color images and indexed images into a colormap, a third
type of image is an intensity image, which is used frequently for grayscale
images. Investigate how to use the image scale function imagesc.

The uibuttongroup function is used specifically to group together buttons;
other objects can be grouped together similarly using the uipanel function.
Investigate how this works.
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When a GUI has a lot of objects, creating a structure to store the handles can be
useful. Investigate the guihandles function, which accomplishes this.

Investigate the uitable function. Use it to create a GUI that demonstrates a
matrix operation. |

SUMMARY
COMMON PITFALLS

= Confusing true-color and colormap images

= Forgetting that uicontrol object positions are within the Figure Window,
not within the screen

PROGRAMMING STYLE GUIDELINES

= Make a GUI invisible while it is being created, so that everything becomes
visible at once.

colormap imshow uislider

parula uipanel sound

jet uibuttongroup audioplayer
turbo uicontrol play

image movegui audiorecorder
pink appdesigner recordblocking
imread uifigure getaudiodata
imwrite uilabel

chirp laughter train
gong splat handel
Exercises

1. Create a custom colormap for a sphere that consists of the first 150 colors in
the colormap turbo. Display sphere(150]) with a colorbar.

7. Write a function numimage that will receive two input arguments: a colormap
matrix, and an integer n; the function will create an image that shows n “rings”
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FIGURE 13.31
Color rings.

of color, using the first n colors from the colormap. For example, if the function
is called as follows:

> em=1[000; 100; 010;001;

110;101;01171;

>> numimage(cm,5)
the image as seen in Fig. 13.31 will be created.
Each “ring” has the thickness of one pixel. In this case, because n was 5, the
image shows the first five colors from the colormap: the outermost ring is the
first color, the next ring is the second color, and the innermost pixel is the fifth
color. Note that, because n was 5, the image matrix is 9*9.
Write a script that would produce the 12 x 12 image seenin Fig. 13.32 using the
RGB, or true-color method (NOT the colormap method), and using the type
uint8 for the pixels in the image. Note that the axes are the defaults. Do not use
any loops; vectorize your code.
A script rancolors displays random colors in the Figure Window as shown in
Fig. 13.33. It starts with a variable nColors which is the number of random
colors to display [e.g., below this is 10). It then creates a colormap variable
mycolormap, which has that many random colors, meaning that all three of the
color components (red, green, and blue) are random real numbers in the range
from 0 to 1. The script then displays these colors in an image in the
Figure Window.
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FIGURE 13.32
Red, green, blue stripes.

Programming Style Guidelines
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FIGURE 13.33
Rainbow of random colors.

5. It is sometimes difficult for the human eye to perceive the brightness of an

object correctly. For example, in Fig. 13.34, the middle of both images is the
same color, and yet, because of the surrounding colors, the one on the left
looks lighter than the one on the right.

0.5

25

3.5

FIGURE 13.34
Depiction of brightness perception.

0.5

25¢
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Write a script to generate a Figure Window similar to this one. Two 3 x 3
matrices were created. Use subplot to display both images side by side (the
axes shown here are the defaults). Use the RGB method.
Put a JPEG file in your Current Folder and use imread to load it into a matrix.
Calculate and print the mean separately of the red, green, and blue
components in the matrix.
Some image acquisition systems are not very accurate, and the result is noisy
images. To see this effect, put a JPEG file in your Current Folder and use
imread to load it. Then, create a new image matrix by randomly adding or
subtracting a value n to every element in this matrix. Experiment with different
values of n. Create a script that will use subplot to display both images side
by side.
Put a JPEG file into your Current Folder. Type in the following script, using your
own JPEG file name.

I1 = imread('xxx.Jjpg");

[rchl=size(Il);

Inew(:,:,:) = I1(:,ce-1:1,:);

figure(l)

subplot(2,1,1)

image(Il);

subplot(2,1,2)

image(Inew);
Determine what the script does. Put comments into the script to explain it
step-by-step.
Put a JPEG file into your Current Folder. Write a script that will read from this
image file into a matrix, and create a new yellowed version of the image which
consists of only the red and green parts of the original image. The script
displays the images side-by-side in one Figure Window.
Load the built-in image stored in the file earth.mat. Which method is used, RGB
or a colormap?
Load the built-in image stored in mandrill. mat. How many colors are used in its
colormap?
Write a function that will create a GUl with one editable text box near the middle
of the Figure Window. Put your name in the string. The GUI should have a call-
back function that prints the user’s string twice, one under the other.
Write a function that creates a GUl to calculate the area of a rectangle. It should
have edit text boxes for the length and width, and a push button that causes the
area to be calculated and printed in a static text box.
Write a function that creates a simple calculator with a GUI. The GUI should
have two editable text boxes in which the user enters numbers. There should be
four pushbuttons to show the four operations (+, —, *, /). When one of the four
pushbuttons is pressed, the type of operation should be shown in a static text
box between the two editable text boxes and the result of the operation should
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be displayed in a static text box. If the user tries to divide by zero, display an
error message in a static text box.

Modify any example GUI to use the ‘HorizontalAlignment’ property to left-justify
text within an edit text box.

The Wind Chill Factor (WCF) measures how cold it feels with a given air
temperature T (in degrees Fahrenheit) and wind speed [V, in miles per hour).
The formula is approximately

WCF=35.7+0.6T—35.7 (v[“é) +0.43T (v““)

Write a GUI function that will display sliders for the temperature and wind
speed. The GUI will calculate the WCF for the given values, and display the
resultin a text box. Choose appropriate minimum and maximum values for the
two sliders.

Write a GUI function that will graphically demonstrate the difference between a
for loop and a while loop. The function will have two push buttons: one that says

‘for’, and the other says ‘while’. There are two separate callback functions, one
associated with each of the pushbuttons. The callback function associated with
the ‘for’ button prints the integers 1 through 5, using pause(1) to pause for

1 second between each, and then prints ‘Done.” The callback function
associated with the ‘while” button prints integers beginning with 1 and also
pauses between each. This function, however, also has another pushbutton
that says ‘mystery’ on it. This function continues printing integers until the
‘mystery’ button is pushed, and then it prints ‘Finally!".

Write a function that will create a GUI in which there is a plot of cos(x). There
should be two editable text boxes in which the user can enter the range for x.
Write a GUI function that will create a rectangle object. The GUI should have two
sliders to control the two numbers used in the Curvature of a rectangle (first
the horizontal and then the vertical), and every time a slider is moved, it
displays that rectangle (with all of the others still there).

Write a GUI that displays an image in which all of the elements are the same
color. Put three sliders in that allow the user to specify the amount of red,
green, and blue in the image. Use the RGB method.

Put two different JPEG files into your Current Folder. Read both into matrix
variables. To superimpose the images, if the matrices are the same size, the
elements can simply be added element-by-element. However, if they are not
the same size, one method of handling this is to crop the larger matrix to be the
same size as the smaller, and then add them. Write a script to do this.
Create an app that has a knob and a lamp. When the knob value goes past 50,
the lamp color should change to red.

Create an app that has all three varieties of switches in it, and a label. The label
should display the type of the switch that was most recently changed.
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Use App Designer to create a text editor. Create an app that has a large text box.
Under it there will be a slider that controls the font size of the text, and buttons
to make the text bold and/or italic. Start by dragging a text box into the design
area. Click on the box, and then in Design View look at the Edit Field (Text)
Properties browser. By changing properties such as the style, Name, and Size,
and then inspecting the code in Code View, you can see what to change in the
callback functions

Create a stoplight app. There are two pushbuttons labeled ‘Stop” and ‘Go’, and
three lamps. When the ‘Go’ button is pushed, the green lamp is lit. When the
‘Stop’ button is pushed, the yellow lamp is lit briefly, and then the red lamp is Lit
Load two of the built-in MAT-file sound files (e.g., gong and chirp). Store the
sound vectors in two separate variables. Determine how to concatenate these
so that the sound function will play one immediately followed by the other; fill in
the blank here:

sound ( , 8192)

The following function playsound below plays one of the built-in sounds. The
function has a cell array that stores the names. When the function is called, an
integer is passed, which is an index into this cell array indicating the sound to
be played. The default is “train’, so if the user passes an invalid index, the
defaultis used. The appropriate MAT-file is loaded. If the user passes a second
argument, it is the frequency at which the sound should be played (otherwise,
the default frequency is used). The function prints what sound is about to be
played and at which frequency, and then actually plays this sound. You are to fill
in the rest of the following function. Here are examples of calling it [you cannot
hear it here, but the sound will be played!)

>> playsound(-4)

You are about to hear train at frequency 8192.0
>> playsound(2)

You are about to hear gong at frequency 8192.0
>> playsound(3,8000)

You are about to hear laughter at frequency 8000.0
playsound.m

function playsound(caind, varargin)

% This function plays a sound from a cell array
% of mat-file names

% Format playsound(index into cell array) or

% playsound(index into cell array, frequency)

% Does not return any values

soundarray = {'chirp','gong','Taughter','splat','train'};
if caind < 1 || caind > length(soundarray)
caind = length(soundarray);
end
mysound = soundarrayf{caind};
eval(['Toad ' mysound])

% Fil1l in the rest
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Create a bar chart using the following:

>> mat = randi(33, 2,3);

>> bm = bar[mat);
Try to duplicate the three colors. Check your answers by examining the
properties bm(1).FaceColor, bm(2).FaceColor, and bm(3).FaceColor.
Create an audioplayer object using the built-in laughter MAT-file. Investigate
some of the properties of the object.
If you have a built-in microphone, record your voice for 5 seconds and plot the
resulting amplitude vector.
Load the sound file ‘mtlb.mat’, which stores the sound vector y and frequency
Fs of a person saying the word "MATLAB". Plot this, and from the plot estimate
the part that says "MAT" and the part that says “"LAB". In a script, create two
separate vectors for these. Using the sound function in a for loop, repeat the
“MAT" sound four times, pausing for half a second after each one. Then, do the
“LAB" sound once.

Load the built-in image file flujet. mat. Make the map variable the current
colormap, and show the image matrix X using the image function so that you
can see theindices. There is a lot of dark blue background! Crop out as much of
thatasyou can, creating a new image matrix xnew. Use whos to see the number
of bytes of storage used by the original matrix and your cropped image matrix.
Read in the built-in image ‘peppers.png’ using imread. Use rgb2gray to convert
the image to gray scale and display the new image.
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Advanced Mathematics
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real part matrix inverse integration Numbers ..501

imaginary part matrix augmentation differentiation 14.3 Matrix

purely imaginary coefficients Solutions to
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Algebraic

In this chapter, selected advanced mathematical concepts and related built-in Equations .508
functions in the MATLAB® software are introduced. This chapter begins with ~ 14.4 Symbolic
coverage of set operations that can be performed on data sets. Mathematics

Other topics include complex numbers and a brief introduction to differenti- 1, 5 c51culus:

ation and integration in calculus. Symbolic mathematics means doing mathe- Integration and
matics on symbols. Some of the symbolic math functions, all of which are Differentiation
in Symbolic Math Toolbox™ in MATLAB, are also introduced. (Note that this =~ o 521
is a Toolbox and, as a result, may not be available universally.) Summary .......... 528

Solutions to sets of linear algebraic equations are important in many applica- Common Pitfalls
tions. To solve systems of equations using MATLAB, there are basically two oo
methods, both of which are covered in this chapter: using a matrix representa- Programming Style
tion and using the solve function (which is part of Symbolic Math Toolbox™). Guidelines ....528

Note: Two sections that were in this Chapter are now covered in the Machine
Learning Supplements at the ends of chapters: Statistics in Chapters 2 and 10,
and Curve Fitting in Chapter 12 and this chapter.

14.1 SET OPERATIONS

MATLAB has several built-in functions that perform set operations on vectors.
These include union, intersect, unique, setdiff, and setxor. All of these 497

MATLAB. https://doi.org/10.1016/B978-0-323-91750-6.00014-7
Copyright © 2023 Elsevier Inc. All rights reserved.
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functions can be useful when working with data sets. By default, all returned
vectors are sorted from lowest to highest (ascending order). These set functions
also provide the option of having the results in sorted order or in the original
order. Additionally, there are two “is” functions that work on sets: ismember
and issorted.

For example, given the following vectors:

>> vi=6:-1:2

6 5 4 3 2
>> v2=1:2:7
V2=

1 3 5 7

The union function returns a vector that contains all of the values from the two
input argument vectors, without repeating any.

>> union(vl,vZ2)
ans=
1 2 3 4 5 6 7

By default, the result is in sorted order, so passing the arguments in the reverse
order would not affect the result. This is the same as calling the function as:

>> union(vl,vZ2, 'sorted')

If, instead, the character vector ‘stable’ is passed to the function, the result
would be in the original order; this means that the order of the arguments
would affect the result.

>> union(vl,vZ,’stable’)

ans=
6 5 4 3 2 1 7
>> union(v2,vl,'stable’)
ans=
1 3 5 7 6 4 2

The intersect function instead returns all of the values that can be found in both
of the two input argument vectors.

>> intersect(vl,v2)
ans=
3 5
The setdiff function receives two vectors as input arguments and returns a vec-
tor consisting of all of the values that are contained in the first vector argument
but not the second. Therefore, the result that is returned (not just the order) will
depend on the order of the two input arguments.

>> setdiff(vl,v2)

ans=

2 4 6
>> setdiff(vZ,vl)
ans=

1 7
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The function setxor receives two vectors as input arguments and returns a vec-
tor consisting of all of the values from the two vectors that are not in the inter-
section of these two vectors. In other words, it is the union of the two vectors
obtained using setdiff when passing the vectors in different orders, as seen
before.

>> setxor(vl,v2)

ans=

1 2 4 6 7
>> union(setdiff(vl,vz2), setdiff(vZ,vl))
ans=

1 2 4 6 7

The set function unique returns all of the unique values from a set
argument:

>> v3=[1:5 3:6]

v3=

1 2 3 4 5 3 4 5 6
>> unique(v3)
ans=

1 2 3 4 5 6

All of these functions—union, intersect, unique, setdiff, and setxor—can be
called with ‘stable’ to have the result returned in the order given by the original
vector(s).

Many of the set functions return vectors that can be used to index into the orig-
inal vectors as optional output arguments. For example, the two vectors v1 and
v2 were defined previously as:

>> vl
vl=
6 5 4 3 2
>> v2
v2=
1 3 5 7

The intersect function returns, in addition to the vector containing the values in
the intersection of v1 and v2, an index vector into v1, and an index vector into v2
such that outvec is the same as v1 (index1) and also v2(index2).

>> [outvec, indexl, index2]=intersect(vl,vZ2)
outvec=
3
indexl=
4
2
index2=
2

3

5

14.1 Set Operations
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Using these vectors to index into v1 and v2 will return the values from the inter-
section. For example, this expression returns the second and fourth elements of
v1 (it puts them in ascending order):

>> vi(indexl)
ans =
3 5

This returns the second and third elements of v2:

>> v2(index2)
ans =
3 5
The function ismember receives two vectors as input arguments and returns a
logical vector that is the same length as the first argument, containing logical 1
for true if the element in the first vector is also in the second, or logical 0 for
false if not. The order of the arguments matters for this function.

>> vl
vl=
6 5 4 3 2
>> v2
vZ=
1 3 5 7
>> ismember(vl,v2)
ans=
0 1 0 1 0
>> ismember(vZ2,vl)
ans=
0 1 1 0

Using the result from the ismember function as an index into the first vector
argument will return the same values as the intersect function (although not
necessarily sorted).

>> Tlogv=1ismember(vl,vZ2)

lTogv=

0 1 0 1 0
>> vi(logv)
ans=

5 3
>> logv=ismember(v2,vl)
lTogv=

0 1 1 0
>> v2(logv)
ans=

3 5

The issorted function will return logical 1 for true if the argument is sorted in
ascending order, or logical 0 for false if not.
>> v3=[1:5 3:6]

v3=
1 2 3 4 5 3 4 5 6
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>> issorted(v3)

ans=

0
>> issorted(v?)
ans=

1

PRACTICE 14.1

Create two vectorvariables vecT and vecZ that contain five random integers, each in the range from
1 to 20. Do each of the following operations by hand first and then check in MATLAB (if you have
one of the latest versions, do this with both ‘stable’ and ‘sorted’):

union
intersection
setdiff

setxor

unigue [for each)

14.2 COMPLEX NUMBERS

A complex number is generally written in the form

z=a+bi

where a is called the real part of the number z, b is the imaginary part of z, andi  Note

is v/—1. that this is the way math-

. . . el .. . ematicians usually write a
A complex number is purely imaginary if it is of the form z=bi (in other words if complex number in engi-

ais 0). neering it is often written

We have seen that in MATLAB both i and j are built-in functions that return 25 2+bj, where jis v=T.
v/—1 (therefore, they can be thought of as built-in constants). Complex num-

bers can be created using i or j, such as “5+2i” or “3 — 4j”. The multiplication

operator is not required between the value of the imaginary part and the

constant i or j.

QUICK QUESTION!

Is the value of the expression “3i" the same as "3*i"? complex number. The expression “3i” will always be complex.
Therefore, it is a good idea when working with complex num-
berstouse Tior 1jratherthan justiorj. The expressions liand
1j always result in a complex number, regardless of whether i
andjhave been used asvariables. Therefore, use “3*1i" or “3i".

Answer: |tdependsonwhetherihasbeen usedasavariable
name or not. If / has been used as a variable (e.g., an iterator
variable in a for loop), then the expression “3*i" will use the
defined value for the variable and the result will not be a
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>> i=5;

>>
i=

>> 17
ans=
0+1.00001

MATLAB also has a function complex that will return a complex
number. It receives two numbers, the real and imaginary parts in that order,
or just one number, which is the real part (in which case the imaginary part
would be 0). Here are some examples of creating complex numbers in MATLAB:

>> z1=4+217
z1=
4.0000+2.0000i

>> z2=sqrt(-5)
z72=
0+2.23611

>> z3=complex(3,-3)
z3=
3.0000-3.00001
>> z24=2+3]j
z4=
2.0000+3.00001

>> zb=(-4) N (1/2)
ans=
0.0000+2.00001

>> myz=input('Enter a complex number: ')

Enter a complex number: 3+4i

myz=

3.0000+4.00001

Notethat even when jis used in an expression, i is used in the result. MATLAB shows
the type of the variables created here in the Workspace Window as double (com-
plex), or by using whos as double with the attribute complex. MATLAB has func-
tions real and imag that return the real and imaginary parts of complex numbers.

>> real(zl)
ans=
4

>> imag(z3)
ans=
-3
To print an imaginary number, the disp function will display both parts
automatically:

>> disp(zl)
4.0000+2.00007i
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The fprintf function will print only the real part unless both parts are printed
separately:

>> fprintf('gf\n', z1)
4.000000

>> fprintf('Zf+%fi\n', real(z1), imag(z1l))
4.000000+2.000000i

The function isreal returns logical 1 for true if there is no imaginary part of the
argument or logical 0 for false if the argument does have an imaginary part
(even if it is 0). For example,

>> isreal(z1)

ans=
0
>> z6=complex(3)
z75=
3
>> isreal(z6)
ans=
0
>> isreal(3.3)
ans=

1

For the preceding variable z6, even though it shows the answer as 3, it is really
stored as 3 + 0i, and that is how it is displayed in the Workspace Window. There-
fore, isreal returns logical false as it is stored as a complex number.

14.2.1 Equality for Complex Numbers

Two complex numbers are equal to each other if both their real parts
and imaginary parts are equal. In MATLAB, the equality operator can be used.

>> z1 = 22
ans=
0
>> complex(0,4) == sqrt(-16)
ans=

1

14.2.2 Adding and Subtracting Complex Numbers
For two complex numbers z1 =a+bi and z2 =c+di,

721+ 22 =(a+c)+ (b+d)i

z1 - z2 =(a -c¢c) + (b - d)i

As an example, we will write a function in MATLAB to add two complex
numbers together and return the resulting complex number.
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In most cases, to add two complex numbers together, you would have to separate the real
and imaginary parts and add them to return your result.

addcomp.m

function outc=addcomp(zl, z2)

% addcomp adds two complex numbers zl and z2 &
% returns the result

% Adds the real and imaginary parts separately
% Format: addcomp(zl,z?2)

realpart=real(zl)+real(z2);
imagpart=imag(zl)+imag(z2);
outc=realpart+imagpart*1i;
end

>> addcomp (3+4i, 2-37)
ans=
5.0000+1.00001

THE EFFICIENT METHOD

MATLAB does this automatically to add two complex numbers together (or subtract).
>> z1=3+41;
> z2=2=313
>> z1+2z2

ans=
5.0000+1.00001

14.2.3 Multiplying Complex Numbers

For two complex numbers z1 =a+bi and z2 =c+di,
z1*z2=(a+bi)*(c+di)
=a*c+a*di+c*bi+bi*di
=a*c+a*di+c*bi - b*d
=(a*c - b*d)+(a*d+c*b)i
For example, for the complex numbers
21=3+41
z22-1-2i
the result of the multiplication would be defined mathematically as
z1*722=(3*1--8)+(3*-2+4*1)i=11-2i
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This is, of course, automatic in MATLAB:

>> z1*%z2
ans=
11.0000-2.00001

14.2.4 Complex Conjugate and Absolute Value

The complex conjugate of a complex number z=a+bi is Z=a — bi. The magni-
tude or absolute value of a complex number z is |z| = Va? + b2. In MATLAB,
there is a built-in function conj for the complex conjugate, and the abs function
returns the absolute value.

>> z1=3+47i
z1=
3.0000+4.0000i

>> conj(z1)
ans=
3.0000-4.0000i

>> abs(z1)
ans=
5

14.2.5 Complex Equations Represented as Polynomials

MATLAB represents a polynomial as a row vector of coefficients; this can be
used when the expressions or equations involve complex numbers, also. For
example, the polynomial z? + z - 3+21 would be represented by the vector
[1 1 -3+2i]. The roots function in MATLAB can be used to find the roots of
an equation represented by a polynomial. For example, to solve the equation
72+ 7 - 3+2i=0:

>> roots([1 1-3+27])
ans=
-2.3796+0.53201
1.3796-0.53201

The polyval function can be used with this polynomial, for example

>> cp=[1 1-3+27i]
cp=

1.0000 1.0000 -3.0000+2.00001
>> polyval(cp,3)

ans=
9.0000+2.00001
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Note
that the functionis atanin
MATLAB.

14.2.6 Polar Form

Any complex number z=a+ bi can be thought of as a point (a,b) or vector in a
complex plane in which the horizontal axis is the real part of z, and the vertical
axis is the imaginary part of z. Therefore, a and b are the Cartesian or rectangular
coordinates. As a vector can be represented by either its rectangular or polar
coordinates, a complex number can also be given by its polar coordinates r
and 6, where 7 is the magnitude of the vector and 0 is an angle.

To convert from the polar coordinates to the rectangular coordinates:
a=r cos 0
b=r sin 0

To convert from the rectangular to polar coordinates:

r=l|z| =Va? +b?

0 = arctan (9)
a

Therefore, a complex number z=a+bi can be written as r cos 0+ (r sin0)i or
z=r cos 0+ (i sin 0)

As €%=cos 0+i sin 0, a complex number can also be written as z=re'. In
MATLAB, r can be found using the abs function, while there is a built-in func-
tion called angle to find 6.
>> z1=3+47;
r=abs(z1)
p=
5
>> theta=angle(z1)
theta=
0.9273
>> r*exp(i*theta)
ans=
3.0000+4.00001

14.2.7 Plotting

Several methods are used commonly for plotting complex data:

plot the real parts versus the imaginary parts using plot

plot only the real parts using plot

plot the real and the imaginary parts in one figure with a legend, using
plot

plot the magnitude and angle using polarplot (or, prior to R201643,
polar)


http://cbs.wondershare.com/go.php?pid=5247&m=db

14.2 Complex Numbers

Complex number
5 T T T T T T T T T

46 E

42+ E

Imaginary part

38 | 1

3.6 1

32 B

3 1 1 1 1 1 1 1 1 1
2 22 24 2.6 2.8 3 3.2 34 3.6 3.8 4
Real part
FIGURE 14.1

Plot of complex number.

Using the plot function with a single complex number or a vector of complex
numbers will result in plotting the real parts versus the imaginary parts, for
example plot(z) is the same as plot(real(z), imag(z)). Thus, for the complex
number z1=3+41, this will plot the point (3,4) (using a large asterisk so we can
see it!), as shown in Fig. 14.1.

>> z1=3+41;

>> plot(z1,"*", 'MarkerSize', 12)
>> xlabel('Real part’)

>> ylabel('Imaginary part')

>> title('Complex number’)

PRACTICE 14.2

Create the following complex variables
cl=complex(0,2);
c2=3+21;
c3=sqrt(-4);

Then, carry out the following:

Get the real and imaginary parts of c2.
Print the value of ¢7 using disp.
Print the value of c2 in the form "a+bi".
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Determine whether any of the variables are equal to each other.
Subtract ¢ from cT.

Multiply ¢2 by ¢3.

Get the complex conjugate and magnitude of c2.

Put c7 in polar form.

Plot the real part versus the imaginary part for c2.

14.3 MATRIX SOLUTIONS TO SYSTEMS OF LINEAR
ALGEBRAIC EQUATIONS

A linear algebraic equation is an equation of the form
a1Xq +AXp +a3X3 + ... +apXy, =b
Solutions to sets of equations in this form are important in many applica-

tions. In MATLAB, to solve systems of equations, there are basically two
methods:

using a matrix representation
using the solve function (which is part of Symbolic Math Toolbox™)

In this section, we will first investigate some relevant matrix properties and then
use these to solve linear algebraic equations. The use of symbolic mathematics
including the solve function will be covered in the next section.

14.3.1 Matrix Operations

There are several common operations on matrices, some of which we have seen
already. These include matrix transpose, matrix augmentation, and matrix
inverse.

A matrix transpose interchanges the rows and columns of a matrix. For a matrix
A, its transpose is written A" in mathematics. For example, if

123
A_LSG}

then
14
AT=|2 5
36

In MATLAB, as we have seen, there is a built-in transpose operator, the
apostrophe.


http://cbs.wondershare.com/go.php?pid=5247&m=db

14.3 Matrix Solutions to Systems of Linear Algebraic Equations m

If the result of multiplying a matrix A by another matrix is the identity matrix I,
then the second matrix is the inverse of matrix A. The inverse of a matrix A is
written as A}, so

AAT =1

How to actually compute the inverse A of a matrix by hand is not so easy.
MATLAB, however, has a function inv to compute a matrix inverse. For exam-
ple, here a matrix is created, its inverse is found, and then multiplied by the
original matrix to verify that the product is in fact the identity matrix:
>> a=[12; 2 2]
a=
1 2
Ya 2
>> ainv=inv(a)
ainv=
-1.0000 1.0000
1.0000 -0.5000
>> a*ainv
ans=
1 0
0 1

Matrix augmentation means adding column(s) to the original matrix. In
MATLAB, matrix augmentation can be accomplished using square brackets
to concatenate the two matrices. The square matrix A is concatenated with
an identity matrix which has the same size as the matrix A:

>> A=[137; 254; 9 8 6]

A:
1 3 7
2 5 4
9 8 6
>> [A eye(size(A))]
ans=
1 3 7 1 0 0
5 4 0 1 0
9 8 6 0 0 1

14.3.2 Linear Algebraic Equations

A linear algebraic equation is an equation of the form

a1X; +aXy +a3X3 +....+apXy =b

where the as are constant coefficients, the xs are the unknowns, and b is a con-
stant. A solution is a sequence of numbers that satisfy the equation. For
example,

4X1 +5X2 —2X3 =16


http://cbs.wondershare.com/go.php?pid=5247&m=db

m CHAPTER 14: Advanced Mathematics

is such an equation in which there are three unknowns: x;, x,, and x5. One solu-
tion to this equation is x; =3, x,=4, and x3=38, as 4*3 +5%4 — 2*8 is equal
to 16.

A system of linear algebraic equations is a set of equations of the form:

aA11X7 +aA12Xy +A13X3 +.... +A1pXpy = b1
A1X7 +Ap2Xy +A23X3 + ... +AypXpy = bz
a31Xp +ad32Xy +aA33X3 +.... +A3pXpy = b3

Am1X] +am2X2 + Am3X3 + ... + AmnXn = bm

This is called an m x n system of equations; there are m equations and n
unknowns.

Because of the way that matrix multiplication works, these equations can be
represented in matrix form as A x=Db, where A is a matrix of the coefficients,
x is a column vector of the unknowns, and b is a column vector of the constants
from the right side of the equations:

A x = b
dyn di2 4aiz st din X1 by
dz1 dzp dz3 -t dan X2 b,
ds1 dsy dsz ‘v dsp x3 | =|bs
Am1 Am2 Am3 ** Amn Xn bm

Once the system of equations has been written in matrix form, what we want is
to solve the equation Ax=b for the unknowns x. To do this, we need to isolate x
on one side of the equation. If we were working with scalars, we would divide
both sides of the equation by A. In fact, with MATLAB we can use the divided
into operator to do this. However, most languages cannot do this with matri-
ces, so instead, we multiply both sides of the equation by the inverse of the coef-
ficient matrix A:

ALTA x=A1h

Then, because multiplying a matrix by its inverse results in the identity matrix
I, and because multiplying any matrix by I results in the original matrix, we
have:

I x=A"1bh
or

x=A"1b
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For example, consider the following three equations with three unknowns x;,
X,, and xs:

4)(1 - 2X2 + 1X3 =7

1x; + 1x, + bxz =10

‘2X1 + 3X2 - 1)(3 =2
We wrrite this in the form Ax=Db, where A is a matrix of the coefficients, x is a
column vector of the unknowns x;, and b is a column vector of the values on the
right side of the equations:

A X b
4 -2 17 [xn 7
1 1 5 x| =110
-2 3 -1 X3 2

The solution is then x=A"! b. In MATLAB, there are two simple ways to solve
this. The built-in function inv can be used to get the inverse of A and then
we multiply this by b, or we can use the divided into operator.

>> A=[4-21; 11 5;-2 3-1];
>> b=[7:;10;2];
>> x=inv(A)*b
X =
3.0244
2.9512
0.8049

>> x=A\b

3.0244
2.9512
0.8049

14.3.2.1 Solving 2 x 2 Systems of Equations

Although this may seem easy in MATLAB, in general finding solutions to sys-
tems of equations is not. However, 2 x 2 systems are fairly straightforward, and
there are several methods of solution for these systems for which MATLAB has
built-in functions.

Consider the following 2 x 2 system of equations:

X1 + 2)(2 =2
2)(1 + 2)(2 =6

This system of equations in matrix form is:
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We have already seen that the solution is x=A"! b, so we can solve this if we can
find the inverse of A. One method of finding the inverse for a 2 x 2 matrix
involves calculating the determinant D.

For a 2 x 2 matrix
A= apl an
azy a4z
the determinant D is defined as:

ap a2

D= =4dajrdz; —apzaz

daz1 4z

It is written using vertical lines around the coefficients of the matrix and is
defined as the product of the values on the diagonal minus the product of
the other two numbers.

For a 2 x 2 matrix, the matrix inverse is defined in terms of D as

A*lzl dz;  —di2
D|—axn an

The inverse is therefore the result of multiplying the scalar 1/D by every element
in the matrix shown here. Note that this is not the matrix A, but is determined
using the elements from A in the following manner: the values on the diagonal
are reversed and the negation operator is used on the other two values.

Notice that if the determinant D is 0, it will not be possible to find the inverse of
the matrix A.

For our coefficient matrix A= 12 , D= 12 =1*2 -2*2 or—2 so
2 2 2 2
-1 1
aro 1 [2 2] 1y2 ) [
172—2%2|-2 1| —2|-2 1 L=

and

MRl
X2 1 _E 6
The unknowns are found by performing this matrix multiplication.
Consequently,
Xy =-1%2+1%6=4
Xp =1%2+(-1/2)*6=-1

To do this in MATLAB, we would first create the coefficient matrix variable A
and column vector b.
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>> A=[1 2; 2 2];
>> b=[2;6];

We have already seen that MATLAB has a built-in function, inv, to find a matrix
inverse. It also has a built-in function det to find a determinant:

>> det(A)

ans=
-2

>> inv(A)

ans=
-1.0000 1.0000
1.0000 -0.5000

And then, the unknowns x are found:

>> x=inv(A)*b
X=

4

-1

PRACTICE 14.3

For the following 2 x 2 system of equations:
X1+ ZXg =4
X1 =3

Do the following on paper:

Write the equations in matrix form Ax=b.
Solve by finding the inverse A" and then x=A" b.

Next, get into MATLAB and check your answers.

14.3.2.2 Reduced Row Echelon Form

For 2 x 2 systems of equations, there are solving methods that are well-defined
and simple. However, for larger systems of equations, finding solutions is fre-
quently not as straightforward.

Several methods of solving are based on the observation that systems of equa-
tions are equivalent if they have the same solution set. Performing some simple
operations on rows of the matrix form of a set of equations results in equivalent
systems. The Gauss-Jordan method starts by augmenting the coefficient matrix
A with the column vector b and performing operations until the square part of
the matrix becomes diagonal.

Reduced Row Echelon Form takes this one step further to result in all 1s on the
diagonal, or in other words until the square part is the identity matrix. In this
case, the column of b’s is the solution. For example, for a 33 matrix.
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apy dip a3 by 1 000D
a1 dp as b, | = (010D
as; dsy ass bs 001b

N

3

In other words, we are reducing [A|b] to [I | b’]. Note that the prime in b’ indi-
cates that the numbers may have changed, but the systems are equivalent.
MATLAB has a built-in function to do this, called rref. For example:

>> a=[130; 21 3; 42 3];

>> b=[1 6 37;
>> ab=[a b];
>> rref(ab)
ans=
1 0 0 -2
1 0 1
0 0 1 3

The solution is found from the last column, so x, =-2, x,=1, and x3 =3. To get
this in a column vector in MATLAB:

>> x=ans(:,end)
x=

-2

1

3

14.3.2.3 Finding a Matrix Inverse by Reducing an Augmented Matrix
For a system of equations larger than a 2 x 2 system, one method of finding the
inverse of a matrix A mathematically involves augmenting the matrix with an
identity matrix of the same size, and then reducing it. The algorithm is:

Augment the matrix with I: [A | I].
Reduce it to the form [I | X]; X will be A™.

For example, in MATLAB we can start with a matrix, augment it with an identity
matrix, and then use the rref function to reduce it.

>> a=[130; 21 3; 42 3];
>> rref([a eye(size(a))])

ans=
1.0000 0 0 -0.2000 -0.6000 0.6000
0 1.0000 0 0.4000 0.2000 -0.2000
0 0 1.0000 0 0.6667 -0.3333

In MATLAB, the inv function can be used to verify the result.

>> inv(a)

ans=
-0.2000 -0.6000 0.6000
0.4000 0.2000 -0.2000

0 0.6667 -0.3333
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14.4 SYMBOLIC MATHEMATICS

Symbolic mathematics means doing mathematics on symbols (not numbers!).
For example, a+a is 2a. The symbolic math functions are in Symbolic Math
Toolbox™ in MATLAB. Toolboxes contain related functions and are add-ons
to MATLARB. (Therefore, this may or may not be part of your own system.) Sym-
bolic Math Toolbox™ includes an alternative method for solving equations
and is therefore covered in this chapter.

14.4.1 Symbolic Variables and Expressions

MATLAB has a type called sym for symbolic variables and expressions; these
work with character vectors. For example, to create a symbolic variable a and
perform the addition just described, a symbolic variable would first be created
by passing the character vector ‘a’ to the sym function:

>> a=sym('a');
>> ata

ans=

2*a

Symbolic variables can also store expressions. For example, the variables b and ¢
store symbolic expressions:

>> b=al2
b:
an?
>> c=aM;
>> class(b)
ans=

'S}/m'

All basic mathematical operations can be performed on symbolic variables and
expressions (e.g., add, subtract, multiply, divide, raise to a power, etc.). The fol-
lowing are examples:

>> ¢c/b
ans=
an?

>> N3
ans=
a6

>> c*b
ans=
a6

>> bt+4*an2
ans=
Y

It can be seen from the last example that MATLAB will collect like terms in these
expressions, adding the a? and 4a” to result in 5a°.
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If using multiple variables as symbolic variable names is desired, the syms func-
tion is a shortcut instead of using sym repeatedly. For example,

>> syms X y z

is equivalent to

>> x=sym('x');
>> y=sym('y');
>> z=sym('z');

The built-in functions sym2poly and poly2sym convert from symbolic expres-
sions to polynomial vectors and vice versa. For example:

>> myp=[1 2-4 3]:

>> poly2sym(myp)

ans=

XNZ+2H% XN -4%x+3

>> mypoly=[2 0-1 0 5];
>> polyZsym(mypoly)
ans=

2*xN4-xN2+5

>> symZpoly(ans)
ans=
2 0 -1 0 5

14.4.2 Simplification Functions

There are several functions that work with symbolic expressions and simplify
the terms. Not all expressions can be simplified, but the simplify function does
whatever it can to simplify expressions, including gathering like terms. For
example:

>> x=sym('x');

>> myexpr=cos (x)N2+sin(x)N2

myexpr=

cos(x)A2+sin(x)N2

>> simplify(myexpr)

ans=

1
The functions collect, expand, and factor work with polynomial expressions.
The collect function collects coefficients, such as the following:

>> x=sym('x');

>> collect (XN2+4*xN3+3*xN2)

ans=

A4FXN3+4% XN
The expand function will multiply out terms, and factor will do the
reverse:
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>> ea=expand((x+2)*(x-1))
ea=

XA2+x-2

>> f=factor(ea)

f=

[ x+2, x-11]

>> expand(f(1)*f(2))

ans=

xN2+x = 2

If the argument is not factorable, the original input argument will be returned
unmodified.

The subs function will substitute a value for a symbolic variable in an expres-
sion. For example,

>> myexp=xN3+3*xN2 -2
myexp=

xN3+3*xN2-2

>> subs(myexp,3)

ans=

52

If there are multiple variables in the expression, one will be chosen by default
for the substitution (in this case, x), or the variable for which the substitution is
to be made can be specified:

>> syms a b x

>> varexp=a*xN2+b*x;
>> subs(varexp,3)
ans=

9*a+3*b

>> subs(varexp,'a',3)
ans=

3*xA2+b*x

With symbolic math, MATLAB works by default with rational numbers, mean-

ing that results are kept in fractional forms. For example, performing the addi-
tion 1/3+1/2 would normally result in a double value:

>> 1/3+1/2
ans=
0.8333

However, by making the expression symbolic, the result is symbolic also. Any
numeric function (e.g., double) could change that:

>> sym(1/3+1/2)
ans=
5/6
>> double(ans)
ans=

0.8333
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The numden function will return separately the numerator and denominator
of a symbolic expression:

>> frac=sym(1/3+1/2)
frac=

5/6

>> [n, d]=numden(frac)
n=

5

d:

6

14.4.3 Displaying Expressions

The pretty function will display symbolic expressions using exponents. For
example:

>> syms x b
>> b=xN2

b:

xN2

>> pretty(b)
2

X

The function fplot will draw a two-dimensional plot in the default x-range
from—5 to 5. The following code produces the figure that is shown in
Fig. 14.2. The DisplayName property of the plot is used for the title of the plot.

3x2+x3-2

150 - B

100 - B

-50 1 1 1 1 1 1 1 1 1 B

FIGURE 14.2
Plot produced using fplot.
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>> expr=xN3+3*xN\2-2;
>> fpe=fplot(expr);
>> title(fpe.DisplayName)

14.4.4 Solving Equations

We have already seen several methods for solving simultaneous linear equa-
tions using a matrix representation. MATLAB can also solve sets of equations
using symbolic math.

The function solve solves an equation and returns the solution(s) as symbolic
expressions. The solution can be converted to numbers using any numeric func-
tion, such as double:

>> syms a b x
>> solve(2*xNo+x== 6)
ans=

-2
3/2
>> double(ans)
ans=

-2.0000

1.5000

If an expression is passed to the solve function rather than an equation, the

solve function will set the expression equal to 0 and solve the resulting equa-
tion. For example, the following will solve 3x*+x=0:

>> solve(3*xN2+x)
ans=
-1/3
0
If there is more than one variable, MATLAB chooses which to solve for. In the
following example, the equation ax” + bx=0 is solved. There are three variables.
As can be seen from the result, which is given in terms of a and b, the equation
was solved for x. MATLAB has rules built in that specify how to choose which
variable to solve for. For example, x will always be the first choice if it is in the
equation or expression.

>> solve(a*xNo+b*x)
ans=

0
-b/a

However, it is possible to specify which variable to solve for:
>> solve(a*xN2+b*x, b)

ans=
-a*x


http://cbs.wondershare.com/go.php?pid=5247&m=db

m CHAPTER 14: Advanced Mathematics

MATLAB can also solve sets of equations. In this example, the solutions for x, y,
and z are returned as a structure consisting of fields for x, y, and z. The individual
solutions are symbolic expressions stored in fields of the structure.

>> syms X y Z
>> solve(4*x-2*%y+z==7, X+y+5*7==10, -2*x+3*y-2==2)
ans=

struct with fields:

x: [11 sym]
y: [11 sym]
z: [11 sym]

To refer to the individual solutions, which are in the structure fields, the dot
operator is used.

>> x=ans.x
=

124/41

>> y=ans.y
y=

121/41

>> z=ans.z
7=

33/41

The double function can then be used to convert the symbolic expressions to
numbers and store the results from the three unknowns in a vector.

>> double([x y z])
ans=
3.0244 2.9512 0.8049

PRACTICE 14.4

For each of the following expressions, show what the MATLAB result would be. Assume that all
expressions are typed SEQUENTIALLY.

x=sym('x");
a=xN3-2*x"N2+1;
b=x"3+x"2;
res=a+b

p=sym2poly(res)
polyval(p,2)
sym(1/2+1/4)

solve(xN2-16)
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14.5 CALCULUS: INTEGRATION AND DIFFERENTIATION

MATLAB has functions that perform common calculus operations on a math-
ematical function f(x), such as integration and differentiation.

14.5.1 Integration and the Trapezoidal Rule

The integral of a function f(x) between the limits given by x=a and x=Db is writ-
ten as

/a ' e

and is defined as the area under the curve f(x) from a to b, as long as the func-
tion is above the x-axis. Numerical integration techniques involve
approximating this.

One simple method of approximating the area under a curve is to draw
a straight line from f(a) to f(b) and calculate the area of the resulting
trapezoid as

oo [0

In MATLARB, this could be implemented as a function.

THE TRADITIONAL METHOD

Here is a function to which the function handle and limits a and b are passed:

trapint.m

function int=trapint(fnh, a, b)

% trapint approximates area under a curve f(x)
% from a to b using a trapezoid

% Format: trapint(handle of f, a, b)
int=(b-a)*(fnh(a)+fnh(b))/2;

end

Tocauitforexanuﬂe,mrthefuncﬁonfu]:3x2—1,ananonymousfuncﬂonisdeﬁned,and
its handle is passed to the trapint function.

>> f=@ (x) 3*x N 2-1;

approxint=trapint(f, 2, 4)

approxint=

58
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THE EFFICIENT METHOD

MATLAB has a built-in function trapz that will implement the trapezoidal rule. Vectors with
the values of x and y=f(x) are passed to it. For example, using the anonymous function
defined previously:

>> x=[2 4];

>> y=1f(x);

>> trapz(x,y)

ans=

58

An improvement on this is to divide the range from a to b into n intervals, apply
the trapezoidal rule to each interval, and sum them. For example, for the pre-

ceding if there are two intervals, you would draw a straight line from f(a) to
f((a+b)/2) and then from f((a+b)/2) to f(b).

THE TRADITIONAL METHOD

The following is a modification of the previous function to which the function handle, limits,
and the number of intervals are passed:

trapintn.m

function intsum=trapintn(fnh, lowrange,highrange, n)

% trapintn approximates area under a curve f(x) from

% a to b using trapezoids with n intervals

% Format: trapintn(handle of f, a, b, n)

intsum=0;

increm=(highrange-Towrange)/n;

for a=lowrange: increm : highrange-increm
b=a+increm;
intsum=intsum+(b-a)*(fnh(a)+fnh(b))/2;

end

end

For example, this approximates the integral of the previous function f with two intervals:

>> trapintn(f,2,4,2)
ans=
55

THE EFFICIENT METHOD

To use the built-in function trapz to accomplish the same thing, the x vector is created with
the values 2, 3, and 4:

>> x=2:4;
>> y=7f(x)
>> trapz(x,y)
ans=
55
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In these examples, straight lines, which are first-order polynomials, were used.
Other methods involve higher-order polynomials. The built-in function quad
uses Simpson’s method. Three arguments are normally passed to it: the handle
of the function, and the limits a and b. For example, for the previous function:

>> quad(f,2,4)
ans=
54
MATLAB has a function polyint, which will find the integral of a polynomial.
For example, for the polynomial 3x? + 4x - 4, which would be represented by
the vector [3 4-41], the integral is found by:

>> origp=[3 4-4];
>> intp=polyint(origp)
intp=

1 2 -4 0

which shows that the integral is the polynomial x* + 2x? - 4x.

14.5.2 Differentiation .
The derivative of a function y =f(x) is written as E}: f(x) or (x) and is defined as
the rate of change of the dependent variable y with respect to x. The derivative is

the slope of the line tangent to the function at a given point.

MATLAB has a function polyder, which will find the derivative of a polynomial.
For example, for the polynomial x* + 2x? - 4x+3, which would be represented
by the vector [1 2-4 3], the derivative is found by:

>> origp=[1 2-4 3];
>> diffp=polyder(origp)
diffp=
3 4 -4
which shows that the derivative is the polynomial 3x* + 4x - 4. The function
polyval can then be used to find the derivative for certain values of x, such as for

x=1, 2, and 3:
>> polyval (diffp, 1:3)
ans=
3 16 35

The derivative can be written as the limit

£ = i

flx+h) —f(x)
h

and can be approximated by a difference equation.

Recall that MATLAB has a built-in function, diff, which returns the differences
between consecutive elements in a vector. For a function y=f(x) where x is a
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vector, the values of f'(x) can be approximated as diff(y) divided by diff(x). For
example, the equation x* + 2x? - 4x+3 can be written as an anonymous func-
tion. It can be seen that the approximate derivative is close to the values found
using polyder and polyval.

>> =@ (x) x N 3+2*x N 2-4%x+3;
>> x=0.5 : 3.5

x=
0.5000 1.5000 2.5000 3.5000
>> y=1f(x)
y=
1.6250 4.8750 21.1250 56.3750
>> diff(y)
ans=
3.2500 16.2500 35.2500
>> diff(x)
ans=
1 1 1
>> diff(y) ./ diff(x)
ans=
3.2500 16.2500 35.2500

14.5.3 Calculus in Symbolic Math Toolbox™

There are several functions in Symbolic Math Toolbox™ to perform calculus
operations symbolically (e.g., diff to differentiate and int to integrate). To learn
about the int function, for example, from the Command Window:

>> help sym/int

For instance, to find the indefinite integral of the function f(x) =3x” — 1:

>> syms x

>> int(3*xN2-1)
ans=

xN3-x

To instead find the definite integral of this function from x=2 to x=4:

>> int(3*xNe-1, 2, 4)
ans=
54

Limits can be found using the limit function. For example, for the difference
equation described previously:

>> syms x h

>> =@ (x) x N 3+2%x N 2-4%x+3;
>> Timit((f(x+h)-f(x))/h,h,0)

ans=

3*xN2+4*x - 4
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To differentiate, instead of the anonymous function we write it symbolically:

>> syms x f

D> F=xN3+2*xN2-4%x+3
f=

XN3+2*xN2 -4*x+3

>> diff(f)
ans=
3xxN2+4%x - 4

PRACTICE 14.5

For the function 3x? - 4x+2:

Find the indefinite integral of the function

Find the definite integral of the function from x=2 to x=5.
Approximate the area under the curve from x=2 to x=5.
Find its derivative

Approximate the derivative for x=2

Data Science and Machine Learning Supplement

Fitting Polynomial Curves, Underfitting/Overfitting

We have seen in Chapter 12 how to use the functions polyfit and polyval to fita
straight line through data points. In this section, we will see how to use the
same functions to fit polynomial curves of greater degrees to data points.

As an example, let us say the temperature was recorded every hour one after-
noon from 2:00 PM to 6:00 PM; the vectors might be:

>> x=2:6;
>> y=[65 67 72 71 63];

For example, to fit a straight line (degree 1) through the points representing
temperatures, the call to the polyfit function would be

>> polyfit(x,y,1)
ans=
0.0000 67.6000

which says that the best straight line is of the form 0x+67.6. However, we can
see that the temperatures rise and then fall, so it seems like a quadratic would be
a much better fit. The following would create the vectors and then fit a polyno-
mial of degree 2 through the data points, storing the values in a vector called
coefs.

>> X=2:6;
>> y=[65 67 72 71 63];
>> coefs=polyfit(x,y,2)
coefs=
-1.8571 14.8571 41.6000
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This says that the polyfit function has determined that the best quadratic that
fits these data points is -1.8571x%+ 14.8571x+41.6. Therefore, the variable coefs
now stores a coefficient vector that represents this polynomial.

The function polyval can then be used to evaluate the polynomial at specified
values. For example, we could evaluate at every value in the x vector.

>> curve=polyval(coefs,x)

This results in y values for each point in the x vector and stores them in a vector
called curve. We could then plot both the points and the curve on the same
figure as seen in Fig. 14.3. The curve does not look very smooth on this plot,
but that is because there are only five points in the x vector.

plot(x,y,'ro',x,curve)

x1abel('Time")

ylabel('Temperatures')

title('Temperatures one afternoon')

axis([1 7 60 751)
Using the subplot function, we can loop to show the difference between fitting
curves of degrees 1, 2, and 3 to the temperature data. (Note that the variable
morex stores 100 points so the graph will be smooth.)

Temperatures one afternoon

75 T T T T T
)
o
70t 1
2]
<]
=]
®
3 o)
5
'_
65 @) ]
)
60 +
1 2 3 4 5 6 7
Time
FIGURE 14.3

Quadratic fit to points.
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morex=1linspace(min(x),max(x));

for pd=1:3
coefs=polyfit(x,y,pd);
curve=polyval(coefs,morex);
subplot(1,3,pd)
plot(x,y,'ko',morex,curve,'k',
xTabel ('Time')
ylabel('Temperatures')
title(sprintf('Degree %d',pd))
axis([1 7 60 757)

end

LineWidth=2)

This will create the Figure Window shown in Fig. 14.4.

In ML, we use the terms underfitting to describe a fit that does not describe the
data very well, and overfitting to describe a fit that perhaps fits the data too well.
For example, the straight line above undetfits the data. Using this line to inter-
polate or extrapolate would not produce very good results! If we had a 4th
degree polynomial that exactly fits all of our data points, that would be over-
fitting. If the data points are the training set, it might perfectly describe the train-
ing set, for example, but would likely not work for the test set because the fit was
too specific to the training set.

If you have Curve Fitting Toolbox™, there is a Curve Fitting App that can be
used to explore fitting various types of curves to data points.

Degree 1 Degree 2 Degree 3
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o o
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1] 1%} 1]
< < <
=3 3 =3
© © ©
g g 3
£ ° £ ° £
Q () ()
[ [ [
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o
60 . L 60 - . 60 .
4 6 2 4 4
Time Time Time

FIGURE 14.4
Possible overfitting.
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m Explore Other Interesting Features

Investigate the index vectors returned by the set functions.
Investigate passing matrices to the set functions, using the ‘rows’ specifier.

Investigate the fzero function, which attempts to find a zero of a function
near a specified x value.

Investigate linear algebra functions, such as rank for the rank of a matrix, or
null, which returns the null space of a matrix.

Investigate the functions that return eigenvalues and eigenvectors, such as
eig and eigs.

Investigate the norm function to find a vector or matrix norm.

Investigate the Ordinary Differential Equation (ODE) solve functions, such
as ode23 and ode45, which use the Runge-Kutta integration methods.

In the Command Window, type “odeexamples” to see some ODE example
codes.

Investigate some of the other numerical integration functions, such as inte-
gral, integral2 for double integrals, and integral3 for triple integrals.

Investigate the poly function, which finds the characteristic equation for a
matrix, and the polyeig function, which solves a polynomial eigenvalue
problem of a specified degree. [ |

SUMMARY
COMMON PITFALLS

Forgetting that the fprintf function by default prints only the real part of a
complex number

Forgetting that to augment one matrix with another, the number of rows
must be the same in each

PROGRAMMING STYLE GUIDELINES

When working with symbolic expressions, it is generally easier to make all
variables symbolic variables to begin with.
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union imag syms pretty
intersect isreal sym2poly ezplot
unique conj poly2sym solve
setdiff angle simplify trapz
setxor polarplot collect quad
ismember inv expand polyint
issorted det factor polyder
complex rref subs int
real sym numden limit
Exercises

1. Create a vector that has 10 elements. Use the mink function to determine the
two smallest, and use a set function to create a new vector that does not include
those two values.

2. Investigate the use of the bounds function to find the smallest and largest
values in a vector.

3. The set functions can be used with cell arrays of character vectors. Create two
cell arrays to store course numbers taken by two students. For example,

s1={'eC 101', 'CH 100', 'MA 115'};
s2={'CH 100', 'MA 112', 'BI 101'};
Use a set function to determine which courses the students have in common.
4. Redo problem 3 using a string array.
5. Avector vis supposed to store unique random numbers. Use set functions to
determine whether or not this is true.
4. Find the roots of the equation f(x)=0 for the following function. Also, create x
and y vectors and plot this function in the range from —3 to 3 to visualize the
solution.

f(x)=3x?- 2x-4

/. Store the following complex numbers in variables, and print them in the form
a+bi.

3-2i
V3

8. Create the following complex variables
cl=1-37;
c2=5+21;
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Perform the following operations on them:

add them

multiply them

get the complex conjugate and magnitude of each

put them in polar form
Represent the expression z° —2z%+3 - 5i as a row vector of coefficients, and
store this in a variable compoly. Use the roots function to solve z° —2z%+3 -
5i=0. Also, find the value of compoly when z=2 using polyval.
Analyzing electric circuits can be accomplished by solving sets of equations.
For a particular circuit, the voltages V;, V,, and V3 are found through the
system:

Vi =5

-6V, + 10V,-3V5; =0

~V,+51V5 =0
Put these equations in matrix form and solve in MATLAB.

Re-write the following system of equations in matrix form:

4x1 - Xp+ 3x4 =10

=2X1+ 3Xo+ X3 -5x4=-3

X1+ Xp = X3+ 2x4 =2

3%y + 2%, - 4x3 =4
Set it up in MATLAB and use any method to solve.
Solve the simultaneous equations x - y=2 and x*+y=0 using solve. Plot the
corresponding functions, y=x-2 and y=-x on the same graph with an xrange
from—5to 5.
For the following set of equations,

2X1t 2Xo + X3 =2

Xp + 2X3 =1

X1+ X, + 3x3 =3
write it in symbolic form and solve using the solve function. From the symbolic
solution, create a vector of the numerical (double) equivalents.
The reproduction of cells in a bacterial colony is important for many
environmental engineering applications such as wastewater treatments.
The formula

Tog(N)=Tog(Ng)+t/T Tog(2)

can be used to simulate this, where Ny is the original population, N is the
population at time t, and T is the time it takes for the population to double. Use
the solve function to determine the following: if Ng= 102, N=108, and

t=28 hours, what will be the doubling time T? Use double to get your result in
hours.

Using the symbolic function int, find the indefinite integral of the function
4x?+3, and the definite integral of this function from x=-1 to x=3. Also,
approximate this using the trapz function.
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Use the quad function to approximate the area under the curve 4x%+3 from —1
to 3. First, create an anonymous function and pass its handle to the quad
function.

Use the polyder function to find the derivative of 2x® - x?+4x - 5.

Examine the motion, or trajectory, of a projectile moving through the air.
Assume that it has an initial height of 0, and neglect the air resistance for
simplicity. The projectile has an initial velocity vg, an angle of departure 6y, and
is subject to the gravity constant g=9.81m/s”. The position of the projectile is
given by x and y coordinates, where the origin is the initial position of the
projectile at time t=0. The total horizontal distance that the projectile travels is
called its range (the point at which it hits the ground), and the highest peak (or
vertical distance] is called its apex. Equations for the trajectory can be given in
terms of the time t or in terms of x and y. The position of the projectile at any
time t is given by:

X=Vvg cos () t
y=vp sin(6p) t—Yagt?

For a given initial velocity vp, and angle of departure 8y, describe the motion of
the projectile by writing a script to answer the following:

What is the range?

Plot the position of the projectile at suitable x values

Plot the height versus time

How long does it take to reach its apex?

How well does a quadratic curve fita sin curve in the x range from 0 to pi? Write
a script that will create an x vector that has 100 points in the range from 0 to pi,
and ayvector thatis sin(x]). Fit a quadratic to these points. Plot the sin curve as a
black line, and the quadratic as individual red stars. Verify the difference at
x=1.5 using polyval on your quadratic curve and sin(1.5).
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CHAPTER 15

Basic Machine Learning Algorithms

and Concepts

Silhouette coefficients k-means clustering centroid

With Machine Learning (ML), large data sets are inputs into computer pro-
grams, which then find patterns in the data in order to aid in making predic-
tions. Machine Learning is a very complex field. Two of the basic
foundations are computer coding, and probability and statistics. This text serves
as an introduction to the necessary computer programming constructs. How-
ever, it is way beyond the scope of this book to introduce all of the mathematics
necessary to understand how ML algorithms work.

This chapter is intended to serve as a basic introduction to some of the ML
concepts, algorithms, and workflows. It is meant to be a bridge between
the programming concepts covered in this book and the fields of data science
and ML. There are so many concepts and so many technical terms that some
of the background information has already been spread throughout the book.
At the end of every chapter in this text, there is a roughly two-page section on
data science and ML. Therefore, the first 30 pages of this chapter are to be
found at the ends of the other chapters! It is strongly recommended that
before continuing with this chapter, readers go back and review all of that
material. When the concepts that were covered in these sections are referenced
in this chapter, the chapter in which the concepts appeared will be given in
parentheses.

The rest of this chapter synthesizes some of the material already covered and
introduces some of the algorithms used in both supervised and unsupervised
learning. The last section briefly introduces Statistics and Machine Learning
Toolbox™,

MATLAB. https://doi.org/10.1016/B978-0-323-91750-6.00015-9
Copyright © 2023 Elsevier Inc. All rights reserved.
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15.1 PREPROCESSING DATA, BASIC WORKFLOW

The workflow will be slightly different with the different types of ML algo-
rithms, but the basics will remain the same:

Get the data set
Iterate through these steps until accurate model is found:
Preprocess/scrub the data
Choose an algorithm
Fit a model to the data
Assess the model performance
Use model to make predictions
Get new data
Preprocess/scrub the data using the same methods as for the training/
testing data
Use the fitted model
Make predictions

Because the same methods are used to preprocess/scrub the new data as the
original training/testing data, it is generally useful to write a function to do this
preprocessing.

Built-in Data Sets
To demonstrate some of these steps, we use some data files that are built-in to
MATLAB®. We have already seen some built-in files, including the following:

outages.csv: stores information on some power outages. Use readtable to
read it into a table.

census.mat: stores census data in the US every 10 years from 1790 to
1990, in two variables cdate and pop. Use load to read them in and then
put them into a matrix or table.

cape.mat: Stores an image of Cape Cod in a variable X and a colormap in
the variable map.

street1.jpg: image of a street; read it using imread.

Other built-in .mat files include “accidents.mat,” which stores accident data
from the 50 United States and Washington, D.C.; “patients.mat,” which stores
10 features for 100 hypothetical medical patients; and “wind.mat,” which
stores position and velocity components of air currents.

MATLAB also has some built-in labeled data sets, which are in Statistics and
Machine Learning Toolbox™., These include the following:

Fisher Iris: This labeled data set contains 50 rows for each of three different iris
species. For every flower, the Petal Length and Width, the Sepal Length and
Width, and the species were recorded. This is a very famous data set and can
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be found in many forms. In MATLARB, it is available as a .csv file (‘fisheriris.csv)
and also as a .mat file (‘fisheriris.mat’) that stores two variables: meas, which is a
150 x 4 matrix storing the data, and species, which is a cell array that stores the iris
species labels. If you do not have access to this data set through MATLAB, you can
do a search on the web for “Fisher Iris Data Set” to find and download it.

Cars: These labeled data sets contain information on cars. There are two:
carsmall.mat (stores 100 rows) and carbig.mat (stores 406 rows). The .mat
files have 10 column vectors, “Acceleration”, “Cylinders”, “Displacement”,
“Horsepower”, “Mfg”, “Model”, “Model_Year”, “MPG”, “Origin”, and
“Weight”. The “Origin” vector stores the country of origin; this vector can be
used as labels. The “Mfg” column vector stores the names of the manufacturers,
and the “Model” column vector stores the names of the car models.

Ovarian Cancer: This labeled data set stores information on 216 patients. There
are 4000 factors, and two labels, either ‘Cancer’ or ‘Normal'. There is a .mat file
(‘ovariancancer.mat’) that stores two variables: obs which is a matrix storing the
factor data, and grp which is a cell array storing the character vectors ‘Cancer’ or
‘Normal'.

Arrhythmia: This labeled data set stores information on 452 patients. There are
279 factors that are predictors, and 16 different classifications indicating vary-
ing degrees of arrthythmia in the patients. There is a .mat file (‘arrhythmia.mat’)
that stores four variables: “Description”, “VarNames”, “X”, and “Y".
“Description” is a brief description of the data set and its origin.
“VarNames” is a cell array that stores the names of the variables. “X” is a
452 x 279 matrix that stores the data. “Y” is the response variable, which stores
integers from 1 to 16 representing the degrees of arrhythmia.

There are others, many of which are used in examples in the MATLAB
documentation.

Preprocessing Data

Data sets are usually represented in MATLAB as either matrices or tables. For
labeled data, generally the predictor features are called X, and the response vec-
tor is called Y. It is common for the response vector to be the last column in
either the matrix or table. The first step in working with any ML algorithm is
to preprocess the data to get it into a format that can be used by the algorithm.
This includes both cleaning the data if it is messy (and, almost always this will
be true!), as well as feature engineering to reduce the number of features or to
create new features, and to make sure that the feature types can be used by the
chosen algorithm.

Messy data includes data that are missing or incorrect. Missing data is repre-
sented in different ways, depending on the type of the feature. For example,
missing numbers, as we have seen (Chapter 4), are frequently represented by
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NaN in data sets (sometimes also by 0). Other representations of missing data
include the following:

datetime: NaT

character vectors: *’
strings: <missing >
categorical: <undefined >

The function ismissing returns 1 for true for every element that stores a missing
value, and O for false for all other elements. To simulate a data set with missing
values, the function missing can be used to create missing values in a data set.

Missing data can either be deleted (deleting the entire row), or it can be replaced
by a specified value. Because it is usually best to keep a data set as large as pos-
sible, replacing the missing value is preferred. Missing values are sometimes
replaced by the mean, median, or mode of the feature vector. Missing values
can also be replaced by a specified constant, or perhaps by the previous value
in the feature vector. In MATLAB, the function fillmissing can be used to
replace missing values of all types.

For example, a string array is created with one missing element, and then the
missing value(s) are modified to store a constant value:

>> strarr=["hello" "hi" missing "ciao"]

strarr=
1x4 string array
"hello" "hi" <missing> "ciao"
>> strarr=fillmissing(strarr, 'constant’, "xyz")
strarr=
1x4 string array
"hello" "hi" "xyz" "ciao"

In another example, a categorical array is created, one of the elements is mod-
ified to be missing, and then the missing value(s) are modified to store the pre-
vious value in the array:

>> cat=categorical ({'north’, 'east’, 'north’,
'south’, 'west'});
>> cat(2)=missing

cat=
1x5 categorical array
north <undefined> north south west
>> fillmissing(cat, 'previous’)
ans=
1x5 categorical array
north north north south west

Of course, the missing function is just used here to simulate missing data. Nor-
mally these missing values would occur automatically when importing the
data set.
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Incorrect data might be in the form of outliers, but keep in mind that not all
outliers are errors and in fact may represent vital information. However, if out-
liers are deemed to be errors, those observations should be removed. The
rmoutliers function, new in R2018b, can be used to do this.

Once the missing and incorrect values have been dealt with, the next task is to
examine the feature vectors to see whether it makes sense to leave them, delete
them, or transform them in some way. Some features may be completely irrel-
evant, and some may be redundant, so these can be deleted. This generally
involves some domain knowledge, knowing what makes sense for a particular
application.

Doing statistical analyses (Chapters 2, 3, and 10) and visualizing the data
(Chapter 5) can be very helpful at this stage. Looking at correlations
(Chapter 5), for example, can help determine whether some features are irrel-
evant or not.

If it is determined that a numerical feature vector stores information that is too
detailed, it may be wise to put the real numbers into bins, or categories
(Chapter 4). This, of course, only works if the algorithm accepts data of the type
categorical. If categorical data are not possible, one-hot encoding (Chapter 8)
can be used to transform this data into 1/0 numbers. Sometimes new features
are also created from other features, or combinations of features.

Once the feature analysis and engineering are complete, it may be necessary to
normalize the numerical feature vectors so that larger numbers do not domi-
nate in importance in the ML algorithm (Chapter 3). The normalize function,
new as of R2018a, can be used to normalize feature columns in matrices or
tables.

If the algorithm involves creating training and test sets, the data set should first
be randomized (Chapter 5).

The Live Editor has some Tasks that can be used to help preprocess the data.
These include Clean Missing Data, Clean Outlier Data, and Smooth Data. In
future releases, more Tasks will be added, and more data types will be sup-
ported for these Tasks.

15.2 ALGORITHMS AND MODEL PERFORMANCE

15.2.1 Supervised Learning

With supervised learning algorithms, the data set is labeled. A validation
method must be chosen (Chapter 5). As we have seen, for large data sets hold-
out validation can be used, which means splitting the data into training and
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validation (holdout) sets. Otherwise, for smaller data sets, it may be better to
use the k-folds cross-validation method.

Supervised algorithms include Classification algorithms that can be used to
predict categories (e.g., spam/not spam for email) or Regression algorithms
that can be used to predict continuous data (real numbers). For both of these
types of algorithms, the basic workflow is as follows:

Get the data set
Preprocess/scrub the data
Iterate through these steps:
Feature engineering/feature selection/principal component analysis
Choose a validation method and split the data if necessary (first
randomizing)
Choose an algorithm
Fit a model to the data
Train the model
Assess the model performance (e.g., accuracy for classification
algorithms)
Tune hyperparameters
Visualize the results
Validate the model if holdout validation used
Test the model
Use model to make predictions

Classification Algorithms
Some basic classification algorithms include the following:

Nearest Neighbor

Linear Discriminant
Decision Trees

Support Vector Machines
Neural Networks

Some of these algorithms are conceptually easy to grasp. For example, Nearest
Neighbors algorithms use a distance metric (Chapter 6) to calculate how close
data points are to each other and classify based on that distance. Decision trees
(Chapter 4) create branches based on yes/no questions; an example will be
given in the next section. Other algorithms, however, are very complex math-
ematically and are virtually impossible to explain to the novice. These algo-
rithms must be used as a “black box”. A black box means that you send
input into it, you get output, but you really have no idea how the output
was obtained. Neural Networks definitely fall into this category!
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Once a model has been trained using one of these algorithms, it is necessary to
assess the performance of the model. We have seen some of the assessment
mechanisms already such as accuracy (Chapter 1) and confusion matrices
(Chapter 8). Visualizing the categories using a scatter plot is also very helpful.

Regression Algorithms
Some basic algorithms include the following:

Linear Regression
Regression Trees
Support Vector Machines

As with classification algorithms, some regression algorithms are easier for the
novice to understand than others. Linear regression creates a linear function of
predictor variables. Linear regression commonly uses a least squares algorithm,
as we have seen in Chapter 12.

Because regression algorithms are used to predict real numbers, assessing the
model performance is typically accomplished by measuring the differences
between the actual and predicted values. The most common validation metric
is Root Mean Squared Error (RMSE), which is the square root of the average
squared error. The smaller the RMSE is, the better the fit. Visualizing the fit
by plotting (as in Chapter 12) is also helpful.

15.2.2 Unsupervised Learning

With unsupervised learning, the data is not labeled. An algorithm, typically a
Clustering algorithm, is used to discover patterns and group data into clusters.
Some basic algorithms include the following:

K-Means

K-Nearest Neighbors
Hierarchical

Neural Networks

The K-Nearest Neighbors clustering algorithm is similar to the Nearest Neigh-
bors classification algorithm in that it uses a distance metric to determine how
closely spaced points are, and uses that to create the clusters. This particular
algorithm puts the data points into mutually exclusive clusters. With some
other algorithms, however, points can be members of more than one cluster.

One method of assessing how well the clusters have been established is by cal-
culating silhouette coefficients, which measure how similar individual points are
to the other points in that particular cluster.


http://cbs.wondershare.com/go.php?pid=5247&m=db

CHAPTER 15: Basic Machine Learning Algorithms and Concepts

15.3 STATISTICS AND MACHINE LEARNING TOOLBOX™

Statistics and Machine Learning Toolbox™ has many built-in functions to perform
ML tasks, anditalsohassomebuilt-inlabeled datasetsthatcanbeused asexamples. It
also has Apps builtin for supervised learning (both classification and regression) but
currentlyno App forunsupervised learning (clustering). The Appsaretools thatallow
youtotrain, validate, and test data using a variety of algorithms without writing code
yourself. The Apps can also beused to learn how to write the code programmatically.
Once a model has been created, the code can be autogenerated and inspected.

It is easiest to prepare the data set first, and then open up the appropriate App.

Most of the functions that fit models to data follow the naming convention: fit
¢/ralgorithm (the word ‘fit’ followed by ‘c’ for classification or ‘r’ for regression,
followed by a word representing the algorithm). For example, fitctree uses a
decision tree for classification, and fitrtree uses a tree for regression.

There are many ML functions and options in the Apps. Most of this is beyond
the scope of this book. Rather than exhaustive explanations, one example will
be used for each type of algorithm (classification, regression, and clustering) to
illustrate the basic ideas.

15.3.1 Classification

There are several types of classification algorithms, for which there are functions and
also options within the Classification Learner App. These include the following:

Decision Trees
Discriminant Analysis
Logistic Regression
Naive Bayes

Support Vector Machines
Nearest Neighbors
Ensemble

There are several variations for most of these.

The classification algorithms have requirements for the types of data that are
allowed. All of the algorithms accept data sets consisting of all numbers. Most of
the algorithms accept data sets consisting of all categorical data (except for Discrim-
inant Analysis, and Nearest Neighbors if using Hamming distance metric only).
Most of the algorithms accept data sets consisting of some numerical features
and some categorical (except for Discriminant Analysis and Nearest Neighbors).

Classification Functions

Here is an example of fitting a decision tree to the Fisher Iris data. The function
to do this is called fitctree. The PredictorNames property gives names for the
Sepal Length, Sepal Width, Petal Length, and Petal Width. The cross-validation
method is used for training, which by default uses 10 folds.
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>> load fisheriris

>> irismodel=fitctree(meas, species, 'CrossVal’, 'on’,
'PredictorNames’, {'Sepl', 'SepW', 'Petl', 'PetW'})
irismodel=

ClassificationPartitionedModel
CrossValidatedModel: 'Tree'
PredictorNames: {'SeplL' 'SepW' 'Petl' 'PetW'}
ResponseName: 'Y
NumObservations: 150
KFold: 10
Partition: [1x1 cvpartition]
ClassNames: {'setosa' 'versicolor' 'virginica'}
ScoreTransform: 'none'

Properties, Methods

One of the properties of the model is called Trained. This is a 10 x 1 cell
array that stores the models used in each of the 10 folds. For example,
irismodel. Trained{1} is the model that was created using the first tenth of
the data as validation data, and the rest as the training data. The resulting deci-
sion tree can be displayed as follows, as shown in Fig. 15.1.

>> view(irismodel.Trained{1},'Mode’, 'graph’)

'ec e Classification tree viewer
File Tools Desktop Tree Window Help ~
| & & &m
% % N
N ~ A Y
|Click to display: = |dentity Magnification: 100% Pruning level: | 0of3 |T'
Petl < 2.45 ~\Petl >=2.45
| i
g/// W >=1.75 |
b etW >= 1.
Petl < 4.95 Z&PetL >= 4.95 .. 1
virginica
£
PetW < 1.65 etW >= 1.65 . W E
virginica
]
E
versicolor virginica y

FIGURE 15.1
Decision tree.


http://cbs.wondershare.com/go.php?pid=5247&m=db

542

CHAPTER 15:

Basic Machine Learning Algorithms and Concepts

Notice that the branches of the decision tree are all based on the Petal Length
and Petal Width. You can similarly view the other nine models (e.g., irismodel.
Trained{2}, etc.).

Classification Learner App

The Classification Learner App allows you to graphically set parameters and to
see the results from training and testing models. The first task is to split your
cleaned data into training and testing sets. Then, from the MATLAB Home page,
choose APPS and then Classification Learner. Choose “New Session” on the left,
and then where the data is (workspace or a file). From the workspace, choose
predictor and response variables on the left from your training variable(s),
and on the right choose a validation method. For the validation method, you
can choose cross validation and for that you choose the desired number of folds
(the defaultis 5), or you can choose holdout validation and then the percentage
of the training data set to use for validation (the default is 25%).

Then, click on “Start Session”. One or more algorithms will be chosen by
default. Under Model Type, click on the down arrow next to the chosen algo-
rithms to see all of the possible algorithms. If your data is not of the correct
type(s) for a particular algorithm, it will be grayed out and cannot be used.
The best way to get started is to click on “All Quick to Train”, and then click
on the “Train” button. This will go through all of the available algorithms,
and on the left will show the different algorithms with the results from each.
The accuracy of each algorithm is important. You can choose a particular algo-
rithm, and then you can view such diagnostics as a scatter plot and the confu-
sion matrix. Once an accurate model is chosen, the model can then be tested
using the test data. The Export button allows you to generate a function that
would duplicate the results from the App, and also to export a model to a var-
iable that can be used in the Command Window. Examining the code in the
function is a good way to learn how to create models programmatically.

15.3.2 Regression

There are several types of regression algorithms, for which there are functions and
also options within the Regression Learner App. These include the following:

Linear Regression
Regression Trees

Support Vector Machines
Gaussian

Ensemble of Trees
Neural Networks

There are several variations for most of these.

The regression algorithms have requirements for the types of data that are allowed.
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Regression Functions

One function for regression is fitlm, which fits a linear regression model. The pre-
dictors can be numerical, logical, categorical, character, or string. The response
can be numeric or logical. If the data set has not been cleaned, the fitlm function
will exclude observations that include <missing>, <undefined>, or NaN
values.

For example, we will load the carsmall.mat file and put some of the variables
together in a table. Because the model year of each car is really a category, and so
that later models (with higher numbers) will not adversely impact the result,
that predictor feature is modified to be the type categorical. Passing this
table to the fitlm function creates a model. There are many properties of the
model, which can be seen with properties(mdl). By default, the Formula and
Coefficients properties and some statistical results, including the RMSE, are
displayed.

>> load carsmall

>> cartable=table(Cylinders, Horsepower, Weight, Model_Year, MPG);

>> cartable.Model_Year=categorical(cartable.Model_Year);

>> mdl=fitim(cartable)
md1=

Linear regression model:
MPG ~ 1+Cylinders+Horsepower+Weight+Model_VYear

Estimated Coefficients:

Estimate SE tStat pValue
(Intercept) 40.042 1.5901 25.182 1.0068e-41
Cylinders -0.18671 0.42858 -0.43565 0.66417
Horsepower -0.016474 0.017297 -0.95239 0.34354
Weight -0.005531 0.0010132 -5.4588 4.4654e-07
Model_Year_76 1.2804 0.93786 1.3653 0.17569
Model_Year_82 7.5479 0.9923 7.6064 3.0992e-11

Number of observations: 93, Error degrees of freedom: 87
Root Mean Squared Error: 2.89

R-squared: 0.879, Adjusted R-Squared: 0.872

F-statistic vs. constant model: 126, p-value=2.68e-38

The properties can also be queried separately (e.g., the Formula), which show
the linear combination of the predictors that was used:
>> mdl.Formula

ans=
MPG ~ 1+Cylinders+Horsepower+Weight+Model_VYear

Regression Learner App

The Regression Learner App allows you to graphically set parameters and to see
the results from training and testing models. From the MATLAB Home page,
choose APPS and then Regression Learner. Choose “New Session” on the left,
and then where the training data is (workspace or a file). From the workspace,
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choose predictor and response variables on the left, and on the right choose a
validation method. Then, click on “Start Session”. One or more algorithms will
be chosen by default. Under Model Type, click on the down arrow next to the
chosen algorithms, to see all of the possible algorithms. If your data is not of the
correct type(s) for a particular algorithm, it will be grayed out and cannot be
used. The best way to get started is to click on “All Quick to Train”, and then
click on the “Train” button. This will go through all of the available algorithms,
and on the left will show the different algorithms with the results from each.
The training results, including the RMSE, are shown. The model can then be
tested using the test data. Once an accurate model has been chosen, the Export
button allows you to generate a function that would duplicate the results from
the App, and also to export a model to a variable that can be used in the Com-
mand Window.

15.3.3 Clustering

Clustering algorithms are unsupervised algorithms, used when the data is not
labeled. These algorithms attempt to put the data into clusters, or groups. As of
R2021b, there is no App, although there will be one in a future version.

Perhaps the simplest algorithm to understand is the k-means clustering algo-
rithm. This algorithm creates k clusters (where k is a positive integer). Each clus-
ter has a centroid, which is the center of the cluster. The basic idea is that the
distance between the data points and the mean of the cluster is minimized.
With this algorithm, the clusters are all mutually exclusive. The function
kmeans is used for this. This function returns several values, but one of the
basic ways to call it is:

[idx, cent]l=kmeans(X, k)

where X is the data set, k is the desired number of clusters, idx is a vector storing,
for every observation, the index or the cluster number to which that observation
was assigned, and cent is the centroid locations.

To illustrate this function, we will use the Fisher Iris data set (without the
labels). We know that this data set stores 150 observations, 50 for each of
the three types of irises. Loading the .mat file:

load fisheriris

creates the matrix variable meas, which stores the predictors. We will cheat a
little here, knowing that the Petal length (column 3) and Petal width
(column 4) are good predictors, so we will create our matrix with just those
columns. We will also specify that we want three clusters:

fishX=meas(:, 3:4);
[idx, cent]=kmeans(fishX, 3);
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The gscatter function can be used to visualize the clustering of the data. The
gscatter function creates a scatter plot showing groups in different colors, as
seen in Fig. 15.2.

gscatter(fishX(:,1),fishX(:,2), idx, 'rgb")
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FIGURE 15.2

Gscatter plot.

We could also plot the centroids. We can see that the second category is well
separated from the other two, but some of the points in Categories 1 and 3
are very close to each other. In fact, the kmeans function did not do a perfect
job of finding the three classifications, but it came close. One piece of informa-
tion is the number in each of the categories found by kmeans (knowing that in
the original data set there were 50 in each category):

>> catlen=sum(idx==1:3)
catlen=
48 50 52
Of course, just because there were 50 observations categorized as 2, that does
not mean that they were all correctly categorized, but it is an indication.
Another way of visualizing the categories and how well separated they are from
each other is with a silhouette plot, as seen in Fig. 15.3.

silhouette(fishX, 7dx)
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FIGURE 15.3
Silhouette plot.

Silhouette values measure how “similar” individual points are to the other points
in the assigned cluster. A high value, close to 1, indicates that the points in the
cluster have been assigned well. The silhouette values in Cluster 2 are all 1 or
close to 1. The silhouette values for Clusters 1 and 3 are not as close to 1, which
means that there is more uncertainty in assigning data points to those clusters.

m Explore Other Interesting Features

Investigate how to add a least squares line to a scatter plot using the Isline
function. |

SUMMARY
COMMON PITFALLS

= Not cleaning data properly
= Not realizing that some algorithms require certain types of data
= Not splitting the data into training and testing sets

ismissing normalize kmeans
missing fitctree gscatter
fillmissing fitrtree silhouette

rmoutliers fitlm
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Common Pitfalls

Load the census.mat data file, create a table with the cdate and pop variables,
and then randomize the rows of the table.

Read the data from the outages.csv file into a table. Write code that will
determine, for each feature, how many values are missing.

Load the accidents.mat file. Convert the hwydata matrix to a table using the
array2table function. Modify the Properties.VariableNames property of your
table to use the labels from the hwyheaders variable. Add the state labels to the
beginning of the table using the addvars function.

Read the data from the outages.csv file into a table. Use the fillmissing function
to replace the NaN values for the Loss and Customers features with the mean of
the remaining values for that particular feature.

Read the data from the fisheriris.csv file into a table. Randomize the data and
create a testing data set and a holdout data set. Use the fitcknn function to fit a
K-Nearest Neighbors model to the test data. Use the predict function on the
holdout data to predict the categories. Display a confustion matrix using the
confusionmat function, passing the Species vector for the holdout set and the
result from the prediction.

Read the data from the fisheriris.csv file into a table. Launch the Classification
Learner App, and accept the defaults for the data and the validation method.
Choose All Quick to Train, and then Train. Find the model with the greatest
accuracy. Examine the confusion matrix for this model. Look at a scatter plot
with the Petal Length on the x-axis, and the Petal Width on the y-axis. Does
enabling PCA improve the accuracy? Click on Export to export the function that
has been auto-generated.

Load the carbig.mat file, and create a table using Cylinders, Horsepower,
Weight, Model_Year, and MPG. Make the Model_Year categorical. Launch the
Regression Learner app and choose your table (MPG should be the response).
Choose All Quick to Train, and then Train. Find the model with the lowest RMSE.
Click on Export Model to export the model to the Command Window.

Load the carbig.mat file, and create a matrix using the Horsepower and Weight
columns. Clean the missing data by removing any rows in which there are
missing values. Use the kmeans function to put the data into seven categories.
Use the gscatter function to display the clusters (make sure to specify seven
different colors). Examine the silhouette plot. Try different values for k.
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APPENDIX I

MATLAB® Functions (Not Including Those
Listed in the "Explore Other Interesting
Features” Sections or in the "Data Science
and Machine Learning Supplement”
Sections]

abs absolute value

addvars adds variables to a table

all true if all elements in the input argument are true
angle angle of a complex number

any true if any element in the input argument is true
append concatenates text and does note remove blanks
area filled two-dimensional area plot

array2table converts an array to a table

asin arcsine in radians

asind arcsine in degrees

asinh inverse hyperbolic sine in radians

audioplayer creates an audioplayer object

audiorecorder creates an audiorecorder object

axis sets limits on axes for a plot

bar two-dimensional bar chart

bar3 three-dimensional bar chart

bar3h three-dimensional horizontal bar chart

barh two-dimensional horizontal bar chart

blanks creates a character vector of all blank spaces
cast casts a variable to a specified type

categorical converts cell array to categorical array
categories lists categories from a categorical array

ceil rounds toward infinity

cell creates a cell array

celldisp displays contents of a cell array

cellplot displays contents of a cell array in boxes

549
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cellstr

char
checkcode
class
clear

clearvars
clf

clock
collect
colorbar
colormap

comet
comet3
complex
conj
connector
contains
count

Cross
csvread

csvwrite
cummax
cummin
cumprod
cumsum
cylinder
date
dbcont
dbquit

dbstep
dbstop

converts from a character matrix to a cell array of
character vectors

creates a character matrix

displays Code Analyzer results for code files
returns the type or class of the input argument
clears variable(s) and functions from the
workspace

clears variable(s) from the workspace

clears the figure window

stores the current date and time in a vector
collects like terms in a symbolic math expression
displays a color scale in a plot

returns the current colormap, or sets a matrix to be
the current colormap

animated two-dimensional plot
three-dimensional animated plot

creates a complex number

complex conjugate

connects mobile device to MATLAB

returns true if a substring is found in text

counts the number of occurrences of a substring in
text

cross product

reads from a file filename.csv (no longer
recommended)

writes to a file filename.csv (no longer
recommended)

cumulative, or running, maximum of a vector or
columns of a matrix

cumulative, or running, minimum of a vector or
columns of a matrix

cumulative, or running, product of a vector or
columns of a matrix

cumulative, or running, sum of a vector or
columns of a matrix

returns three-dimensional data vectors to create a
cylinder

stores the current date as a character vector
continue executing code in debug mode

quit debug mode

step through code in debug mode

set a breakpoint in debug mode
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deblank
deg2rad
demo
det

diag

diff

disp
doc
dot
double
echo
end

endsWith
eq

erase
error

eval

exit

exp
expand
eye
ezplot

factor
factorial
false
fclose
feof
feval
fgetl
fgets

fieldnames

figure
fillmissing

gets rid of trailing blanks in text

converts from degrees to radians

shows MATLAB Examples in the Help Browser
finds the determinant of a matrix

returns the diagonal of a matrix, or creates a
diagonal matrix

finds differences between consecutive elements;
used to approximate derivatives

simple display (output)

brings up a documentation page

dot product

converts to the type double

toggle; displays all statements as they are executed
ends control statements and functions; refers to
last element

returns true if text ends with a given pattern
functional equivalent of the equality operator
removes occurrences of a substring in text
displays an error message

evaluates text as a function or command

quits out of MATLAB

exponential function

expands a symbolic math expression

creates an identity matrix

simple plot function that plots a function without
need for data vectors

factors a symbolic math expression

factorial of an integer n, is 1*2*3*.. *n
equivalent to logical(0); creates an array of false
values

closes an open file

true if the specified file is at the end-of-file
evaluates a function handle on text as a function
call

low-level input function reads one line from a file
as a character vector

same as fgetl but does not remove newline
characters

returns the names of fields in a structure as a cell
array of character vectors

create or refer to Figure Windows

fills missing values in data structures such as tables

MATLAB® Functions m
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find
fitctree

fitlm
fitrtree

fix
flip
fliplr
flipud
floor
fopen

format
fplot
fprintf

fscanf
func2str
fzero

gca
gcf

get
getaudiodata
getframe

ginput
grid
gscatter

gtext
head
height
help

histogram
hold

returns indices of an array for which a logical
expression is true

fits a model to data using a decision tree for
classification

fits a linear regression model

fits a model to data using a decision tree for
regression

rounds toward zero

flips an array, either left to right or up to down
flips columns of a matrix from left to right

flips rows of a matrix up to down

rounds toward negative infinity

low-level file function; opens a file for a specified
operation

many options for formatting displays

plots a function passed as a function handle
formatted display (output); writes either to a file or
to the screen (the default)

low-level file input function; reads from a file into
a matrix

converts from a function handle to a character
vector

attempts to find a zero of a function, given the
function handle

handle to the current axes

handle to the current figure

gets properties of a plot object

gets amplitude form an audiorecorder object
gets a movie frame, which is a snapshot of the
current plot

gets graphical coordinates from a mouse click
plot toggle; turns grid lines on or off

creates a scatter plot using different colors to
display groups

allows the user to place text on a plot in location of
a mouse click

displays the first eight rows from a table

the number of rows in a matrix

displays help information for built-in or user-
defined functions, or scripts

plot function: plots a histogram

plot toggle; freezes plot in Figure Window so the
next will be superimposed
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i
im2double
imag
image
imread
imshow
imwrite
inf
input
int
intl6
int2str

int32
int64
int8
intersect
intmax
intmin
inv

isa
iscellstr

ischar

isdiag
isempty

isequal
isfield
iskeyword

isletter
ismember

ismethod
ismissing

isnumeric
isreal

constant for the square root of negative one
converts an image matrix to type double
imaginary part of a complex number

displays an image matrix

reads in an image matrix

displays an image

writes a matrix in an image format

constant for infinity

prompts the user and reads user’s input

symbolic math integration

converts a number to a 16-bit signed integer
converts from an integer to a character vector
storing the integer

converts a number to a 32-bit signed integer
converts a number to a 64-bit signed integer
converts a number to an 8-bit signed integer

set intersection

largest value possible in a specified integer type
smallest value possible in a specified integer type
inverse of a matrix

true if the input argument is the specified class
true if the input argument is a cell array storing
only character vectors

true if the input argument is a string, or character
vector

true if the input matrix is a diagonal matrix

true if the input argument is an empty vector or
empty string

true if two array arguments are equal element-by-
element

true if a string or character vector is the name of a
field within a structure

true if the text input argument is the name of a
keyword

true if the input argument is a letter of the alphabet
set function receives two sets; true for every
member of first set also in second

true if a string or character vector is a method of an
object

true for missing entries in a data structure

true if the argument is any numeric type

true if input argument is a real number (not
complex)

MATLAB® Functions m
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issorted
issortedrows
isspace

isstring
isStringScalar
isstrprop
isstruct
issymmetric

j

jet

join
jsondecode
jsonencode

kmeans
legend
length

limit
line
linspace
load

log
log10
log2
logical
loglog

logspace
lookfor
lower
listdlg
max

maxk

mean

true if the input vector is sorted in ascending order
true if the rows in a matrix are sorted

true if the input argument is a white space
character

true if the input argument is a string array

true if the input argument is a string scalar

true if the string argument is a specified property
true if the input argument is a structure

true if the input matrix is symmetric

constant for the square root of negative one
returns all or part of the 256 colors in the jet
colormap

appends strings in string arrays together

decodes from JSON format, e.g., to a structure
encodes a MATLAB type (e.g., a struct) into JSON
format

performs k-means clustering

displays a legend on a plot

length, or number of elements, in a vector; largest
dimension for a matrix

computes limit of a symbolic math expression
graphics primitive object that creates a line
creates a vector of linearly spaced values

inputs a file into a matrix or reads variables from a .
mat file (the default)

natural logarithm

base 10 logarithm

base 2 logarithm

converts numbers to the type logical

plot function that uses logarithmic scales for x and
y axes

creates a vector of logarithmically spaced values
looks for text in the H1 comment line in files
converts letters to lower-case in a string or
character vector

creates a dialog box that allows the user to make a
choice

the maximum value in a vector, or for every
column in a matrix

the maximum k values in a vector, or for every
column in a matrix

the mean (average) of values in a vector, or every
column in a matrix
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median
menu

mesh
meshgrid

methods
min

mink

missing
mobiledev

mod
mode

movegui

movie

movevars
mustBeGreaterThan
mustBelnteger
mustBeNumeric
mustBePositive
mustBeText
mustBeVector
namelengthmax
NaN

nargin

nargout

ne
newline
normalize
nthroot
numa2str

numden

numel
ones

the median (middle) value in a sorted vector, or
for every column in a matrix

displays a menu of push buttons and returns
number of choice (not recommended)
three-dimensional mesh surface plot

creates x and y vectors to be used in images or as
function arguments

displays methods of a class

the minimum value in a vector, or for every
column in a matrix

the minimum k values in a vector, or for every
column in a matrix

creates missing value(s) in a data structure
creates an object to enable reading sensor data
from a mobile device

modulus after division

the maximum value in a vector, or for every
column in a matrix

moves a Figure Window within the screen

plays a movie, or sequence of screen shots
moves the locations of variables in a table
validates that one value is greater than another
validates that an argument is of any integer type
validates that an argument is of any numeric type
validates that an argument is a positive number
validates that an argument is text

validates that an argument is a vector

the maximum length of identifier names
mathematics constant for “Not a Number”
number of input arguments passed to a function
number of output arguments expected to be
returned by a function

functional equivalent of the inequality operator
returns a newline character

normalizes data in a table or matrix

nth root of a number

converts a real number to a character vector
containing the number

symbolic math function, separates the numerator
and denominator of a fraction

total number of elements in a vector or matrix
creates a matrix of all ones
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parula

pause
patch

pi
pie
pie3
pink

play
plot

plot3
plus
polarplot
poly2sym

polyder
polyfit

polyint
polyval
pretty

preview

print
prod

profile

properties
quad

quit
rad2deg
rand

randi
randn

returns all or part of the 256 colors in the parula
colormap

pauses the code a specified number of seconds
graphics primitive object that creates a filled in
two-dimensional polygon

constant for ©

creates a two-dimensional pie chart

creates a three-dimensional pie chart

returns all or part of the 256 colors in the pink
colormap

plays an audio signal

simple plot function, plots 2D points; markers,
color, etc. can be specified

simple three-dimensional plot function, plots
three-dimensional points

the functional form of the addition operator; also
concatenates strings

plot function for complex numbers, plots the
magnitude and angle

converts a vector of coefficients of a polynomial to
a symbolic expression

derivative of a polynomial

fits a polynomial curve of a specified degree to data
points

integral of a polynomial

evaluates a polynomial at specified value(s)
displays a symbolic expression using exponents
previews the first eight rows of a file without
opening and reading it in

prints or saves a figure or image

the product of all values in a vector, or of every
column in a matrix

toggle; the Profiler generates reports on execution
time of code

displays properties of a class

integration using Simpson’s method

quits MATLAB

converts from radians to degrees

generates uniformly distributed random real
number(s) in the open interval (0,1)

generates random integer(s) in the specified range
generates normally distributed random real
numbers
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readmatrix
readtable

real
recordblocking
rectangle

rem
removevars
renamevars
repelem

repmat
reshape
rgb2gray
rmfield
rmoutliers
mg

roots
rot90
round
rref

save

scatter
semilogx

semilogy

set
setdiff

setxor
sgtitle

sign
silhouette

simplify

reads a spreadsheet or .csv file into a matrix
reads a spreadsheet or .csv file into a table

real part of a complex number

records audio from a microphone

graphics primitive to create a rectangle; curvature
can vary

remainder after division

removes variables in a table

renames variables in a table

replicates elements in a matrix; creates m x n
copies of each

replicates a matrix; creates m X n copies of the
matrix

changes dimensions of a matrix to any matrix with
the same number of elements

converts an RGB image matrix to grayscale
remove a field from a structure

removes outliers from a data structure

random number generator, sets the seed for
random functions and gets the state

roots of a polynomial equation

rotates a matrix 90 degrees counterclockwise
rounds a real number toward the nearest integer
puts an augmented matrix in reduced row echelon
form

writes a matrix to a file or saves variables to a .mat
file

creates a scatter plot

plot function, uses a scale for logarithmic x and a
linear scale for y

plot function, uses a linear scale for x and a
logarithmic scale for y

sets properties of a plot object

set function, returns elements that are in one
vector, but not in another

set exclusive or, returns the elements that are not in
the intersection of two sets

puts a title on a set of subplots

signum, returns —1, 0, or 1

creates a silhouette plot to show categories for a
clustering algorithm

simplifies a symbolic math expression

MATLAB® Functions
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sin
sind
single
sinh
size
solve

sort
SOrtrows
sound
sphere

sprintf
sqrt
startsWith
std

stem
stem3
str2double

str2func
str2num

strcat
strcmp

strcmpi
strfind

string
strings
strip

strjoin

strlength
strncmp
strncmpi
strrep

sine in radians

sine in degrees

converts a number to the type single

hyperbolic sine in radians

returns the dimensions of a matrix

symbolic math function to solve an equation or
simultaneous equations

sorts the elements of a vector (default is ascending
order)

sorts the rows of a matrix; for text results in an
alphabetical sort

sends a sound signal (vector of amplitudes) to an
output device

returns three-dimensional data vectors to create a
sphere

creates a formatted string or character vector
square root

true if input text starts with a given pattern
standard deviation

two-dimensional stem plot

three-dimensional stem plot

converts from text containing a number to a
double number

converts text to a function handle

converts from text containing number(s) to a
number array

horizontal text concatenation

string compare, used instead of equality operator
for text

string compare, ignoring case

find a substring within a longer string or character
vector

creates a string

preallocates a string array

removes leading and trailing whitespace characters
from text

concatenates text in a cell array or string array into
a long string

determines the length of a string

string compare the first n characters of text

string compare the first n characters, ignoring case
replace all occurrences of one substring with
another within longer text
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strsplit splits a string or character vector into elements in a
cell array

strtok breaks one longer string into two shorter strings,
with all characters retained

strtrim deletes both leading and trailing blanks from a
string or character vector

struct create a structure by passing pairs of field names
and values

subplot creates a matrix of plots in the Figure Window

subs substitutes a value into a symbolic math
expression

subtitle puts a subtitle on a plot

sum the sum of the values in a vector or of every column
in a matrix

summary shows variables and statistics for a table

surf three-dimensional surface plot

sym creates a symbolic variable or expression

sym2poly converts a symbolic expression to a vector of
coefficients for a polynomial

syms creates multiple symbolic variables

table creates a table data structure

tail displays the last eight rows from a table

text graphics primitive object to put text on a plot

textscan file input function, reads from a file into a cell
array of column vectors

tic / toc used to time code

timeit times a function execution

title writes text as a title on a plot

trace the trace (sum of values on the diagonal) of a
matrix

trapz trapezoidal rule to approximate the area under a
curve

true equivalent to logical(1), creates a matrix of all true
values

type display the contents of a file in the Command
Window

uibuttongroup groups together button objects

uicontrol basic function to create graphical user interface
objects of different styles

uifigure creates a Ul Figure Window

uilabel creates a Ul label

uislider creates a Ul slider
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uint16
uint32
uint64
uint8
uipanel
union
unique

upper
var
varargin
varargout
weboptions

webread
webwrite

who
whos

width
writematrix
writetable
xlabel

xline
xlIsread

xIswrite
xticklabels

xor
ylabel
yline
Zeros
zlabel

converts a number to a 16-bit unsigned integer
converts a number to a 32-bit unsigned integer
converts a number to a 64-bit unsigned integer
converts a number to an 8-bit unsigned integer
groups together graphical user interface objects
set function, the union of two sets

returns all of the unique values within a set
(vector)

converts all letters to upper-case

variance

built-in cell array to store input arguments
built-in cell array to store output arguments
creates options as Key Value pairs for web service
requests

reads information from a RESTful web service
reads information from a web service using a POST
request

displays variables in the base workspace

displays more information on the variables in the
base workspace

returns the number of columns in a matrix
writes from a matrix to a spreadsheet or .csv file
writes from a table to a spreadsheet or .csv file
puts text as a label on the x-axis of a plot

plots a vertical line

reads from a spreadsheet with filename.xls (no
longer recommended)

writes to a spreadsheet with filename.xls (no
longer recommended)

specifies labels for the tick marks on the x-axis of a
plot

exclusive or, true if only one argument is true
puts text as a label on the y-axis of a plot

plots a horizontal line

creates a matrix of all zero values

puts text as a label on the z-axis of a three-
dimensional plot
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APPENDIX II

MATLAB® and Simulink Toolboxes

In addition to the many functions included in MATLAB, there are additional
Toolboxes that can be added. These toolboxes have groups of related functions
that can be used for more advanced computations and data processing. The
MathWorks, Inc. also has a family of simulation software called Simulink; it,
too, can be augmented with additional Toolboxes. For more detailed informa-
tion, see the website www.mathworks.com.

Here is a list of some of these Toolboxes:

Statistics and Machine Learning Toolbox™ (some used in this text)
Deep Learning Toolbox™

Reinforcement Learning Toolbox™

Text Analytics Toolbox™ (mentioned in this text)
Curve Fitting Toolbox™ (mentioned in this text)
Symbolic Math Toolbox™ (some used in this text)
Partial Differential Equation Toolbox™
Optimization Toolbox™

Mapping Toolbox™

Image Processing Toolbox™

Data Acquisition Toolbox™

Signal Processing Toolbox™

Control System Toolbox™

Parallel Computing Toolbox™

Robotics Toolbox™

Automated Driving Toolbox™

Aerospace Toolbox™

Bioinformatics Toolbox™
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Index

Note: Page numbers followed by f indicate figures, ¢ indicate tables, and b indicate boxes.

abs, 56-57
Abstract data types, 370
Accuracy, 32
Action, 131-132, 157
Addition, of complex numbers, 503
Algorithm, 84-85
American Standard Code for
Information Interchange
(ASCII), 18
angle, 506
Animation, 419-420
Anonymous functions, 341, 348-350
ans, 7
API calls, 329
App Designer, 475-479
components, 474-475
examples, 482-484, 483f
layout, 476f
Ul figure functions, 479-481,
480-481f
appdesigner, 475-476
append, 254-255
Appending to a file, 105-107
appex, 219-220
Application Programming Interface
(API), 329
areacirc, 206-207
areafori, 342-343
Area plots, 412-416, 413f
Argument(s), 14, 111
input, 111
multiple, 115-117
output, 111
variable number of, 341-345
Argument block, 346-347

Arithmetic mean, 74

Array, 40

Array division, 61-62

Array multiplication, 61-62
Array operations, 40, 60-62
array2table, 299
Artificial Intelligence (AI), 30-31
Ascending order, 300

asin, 26

asind, 26

asinh, 26

askforn, 219

Assignment operator, 6
Assignment statements, 6—-11
Associativity, 13

Attributes, 396

Audio files, 488
audioplayer, 486
audiorecorder, 486
Augmentation, matrix, 509
Average, 73-74

axis, 98-99

Bar, 412-416, 413f, 415f
widths in, 420-421, 421f

barh, 412-416

Base case, 356

Base workspace, 118, 224

Binary classifier, 31

Binary operators, 12

Binning/bucketing, 150

Bins, 416

Black box, 538

blanks, 253

Block comment, 88

BMP image, 455
Boolean expressions. See Relational
expressions
Branching statements, 131
Breakpoint alley, 232-233, 233f
Breakpoints, 231-232
Bubble plot, 412
Bug, 229
Built-in files, 331-332
Built-in functions, 9, 13-15
checkcode, 189
logical, 64-67
Built-in image files, 487
Built-in numerical functions, 26-28
Button groups, in GUI, 472-474,
475f

calcarea, 112-113, 113b
calccircumz, 210
calcprof, 285
Calculus
differentiation, 523-524
integration, 521-523
in Symbolic Math Toolbox™,
524-525
callback, 403, 461, 463f, 467f
callbackfn, 461
Call-by-value method, 210
Calling a function, 14, 112-114
Canvas, 476
Capitalization errors, 15
Cascading if-else statement, 139
Casting, 23
Categorical arrays, 278, 296-297
Cell arrays, 277-282
creation, 278-279
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Cell arrays (Continued)
elements and attributes, 279-281
storing character vectors in,
281-282
celldisp, 281
Cell indexing, 280-281
cellplot, 281
Cells, 278
cellstr, 281
Central tendency, 73-76
Centroid, 544
char, 252, 279
Character encoding, 18
Characters, 11, 18, 249-252
Character set, 18
Character vectors, 11, 249-252
operations on, 253-263
storage in cell arrays, 281-282
checkcode, 189
Chirp, 484-486, 485f
circlescript, 88
circshift, 76
classdef, 378
Class definition, 370, 378-382
Classes, 10, 369-370, 403
Classification algorithms, 31
Classification functions, 540-542
Classification Learner App, 542
clf, 102
Close the file, 319-321
Clustering algorithms, 31, 239-240,
544-546
Code Analyzer Reports, 189
Code cells, 236-238
Cody™ website, 30
collect, 516
Colon operator, 41-42, 41b, 47
colorbar, 424
colorcube, 488
Colormap matrix, 446
Colormaps, 446-452
multiple, 452, 452f
parula, 448, 448f
pink colormap for sphere, 450, 451f
random colors, 449-450, 450f
shades of red, 450, 451f
turbo, 447, 449f
Color rings, 490, 490f
Column major order, 47
Column vector, 39-40, 44
Columnwise, 47
comet, 419-420

Command History Window, 5, 7, 86
Commands, 119-120
Command Window, 4-5, 4f, 86
Comma-separated list, 280-281
Comment blocks, 88
Common logarithm, 27
Commutative operators, 21
Compiler, 85
Complex numbers, 501-508
addition and subtraction, 503
complex conjugate and absolute
value, 505
equality for, 503
equations represented as
polynomials, 505
multiplication, 504-505
plotting, 506-508, 507f
polar form, 506
Components, in App Designer,
474-475
Computer program, 83
Concatenating, 42
Condition, 131-132
Conditional loops, 157
Confusion matrix, 307-308
conj, 505
Constants, 15
Constructor function, 378, 398-399
contains, 267
Content indexing, 279
Continuation operator, 12
Control, 111
Control characters, 249-250
Conversion characters, 92
converttemp, 345
Copy constructor, 399
Core objects. See Primitive graphics
objects
corrcoef, 124
Correlation coefficient, 124
cos, 103-104
count, 261-262
countcats, 296
Counted loops, 157
Counting, 176-177
createComponents, 477-479
Cropping, image, 488
Cross product, 70
Cross validation, 191-192
csvread, 318
csvwrite, 318
cumprod, 57-59, 183

cumsum, 57-59, 183
Cumulative product, 57-58
Cumulative sum, 57-58
Current Folder, 5
Customizing plots, 420-422

Database, 277
Data correlations, 193-194
Data formats, 332-333
Data normalization, 124-125
Data, randomizing, 192-193
Data Science (DS), 30-31
Data scrubbing, 333-334
Data sets, bias in, 487
Data structures, 277
advanced, 295-300
cell arrays, 278-282
creating and modifying structure
variables, 282-284
nested structure, 292-293
passing structures to functions, 285
related structure functions,
286287
sorting, 300-308
vectors of nested structures,
294-295
vectors of structures, 287-292
Data transfer
lower-level file I/O functions, 317,
319-328
spreadsheet and CSV files, writing
and reading, 318-319
with web sites, 328-334
Data visualization, 404-405
dbcont, 231-232
dbquit, 231-232
dbstep, 232
dbstop, 231-232
deblank, 258
Debugger, 231-232
Debugging, 229-234
Decision trees, 150-151, 541f
Declaring variables, 227
Decrementing, 8
Default, 5-7, 11
Default input device, 84
Default output device, 85
Deleting elements, 59
Delimiter, 262263
Descending order, 300
Desktop environment, 5-6
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Destructor function, 402

det, 513

diag, 71-72

Diagonal matrix, 71

diff, 59-60, 66

Differentiation, 523-524

Dimensionality reduction, 334

Dimensions, of vectors and matrices,
48-54

disp, 92, 113-114, 133, 138, 284,
317, 502-503

Doc debug, 231

Documentation, 87-88

Dot operator, 283

Dot product, 70

Double precision, 10

Dynamic field names, 286b

echo, 231
Echo printing, 160-161, 174
Edges, 150-151
Editor, 86, 86f, 231-232
Efficient code, 188-189
Elements, 40, 42
Ellipsis, 11-12
elseif clause, 140-142
Empty array, 89-90
Empty vector, 54-56
End node, 150-151
End of the file, 321
Endpoint, 329
endsWith, 267
eoption, 218-220
erase, 259
error, 137-138
Error-checking, 136-137, 177

for integers, 178-180

user input, in while loops, 177-180
Error message, 91
Euclidean distance, 239
eventdata, 461, 470
Event-driven programming, 402—403,

461

Events, 402403
Executable file, 85
Execute/run, 85
expand, 516-517
expfn, 219, 222
explaine, 219, 221
Exploratory data analysis, 332
Exponential notation, 12-13

External file, 84
Extrapolation, 437

factgthigh, 174
factor, 516
Fclose, 320-321, 325
Feature analysis, 333-334
Feature engineering, 333-334
fgetl, 321-323
fgets, 321-323
fieldnames, 286
Fields, 277
Field width, 93-94
figure, 102, 371
File identifier, 319-320
File input and output (file I/O),
317
File types, 317
fillmissing, 536
find, 64, 66
fitctree, 540-541
fitlm, 543
Fitting polynomial curves, 525-528
flip, 52
fliplr, 52
flipud, 52
Floating point, 10
fopen, 319-320
for loop, 158-164
Format command, 11-12
Format specifier, 92
Formatting, 92
fplot, 353, 518-519, 518f
fprintf, 92, 93b, 96, 113-114,
137-138, 159, 166, 257, 317,
323-324, 503
fscanf, 325
funcl, 226-227
funcz, 226-227
func2str, 351-352
Function body, 111
Function call, 111
Function functions, 341, 350-354
Function handles, 341, 348-354
Function header, 111
Functions, 119-120, 549, 551-560
anonymous, 341, 348-350
classification, 540-542
definition, 111-112
in live script, 122, 122f

local, 215-217
overloading, 382-384
Function stubs, 233-234

gallery, 76
Gauss-Jordan method, 513
General (inductive) case, 356
getaudiodata, 486-487
getframe, 420
GIF image, 455
ginput, 429
Global stream, of random numbers,
16
Global variable, 225-226
Gong, 484
Graphical User Interface
Development Environment
(GUIDE), 457
Graphical User Interfaces (GUIs), 403,
445
basics of, 457-461, 460f
button groups, 472-474, 475f
with image and slider for
brightness, 471-472, 473f
plots and images in, 470-472, 471f,
473f
push buttons, 461-470, 465f
sliders, 461-470, 467f
text boxes, 461-470, 463f
Graphics, 370-377
Graphics objects, 370
grid, 102, 423, 423f
groot, 371
gscatter, 545
gtext, 429
guihandles, 489
GUIs. See Graphical User Interfaces
(GUIs)
guiSlider, 465-466
guiSliderPlot, 470-471
guilWithTwoPushbuttons, 467

Handel, 484

Handle classes, 370, 387-396
help, 13-15, 206

High-level languages, 85
hilb, 76

Histograms, 416-418, 416f
hObject, 461, 469
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Hockey rink, 443, 443f

hold, 102

Hybrid languages, 369
Hyperparameters, 240-241
Hyperparameter tuning, 239-241

Identifier names, 9

Identity matrix, 72

if-else statement, 135-138

if statement, 131-135

imag, 502

Image matrix, 446

Image processing, 445-456
colormaps, 446-452
image files, 455-456, 456-457f
true-color matrices, 452-455

Imaginary part, of number, 501

imfinfo, 488

imread, 455

imshow, 456, 487

imwrite, 455-456

Incrementing, 8

Index, 42

Index vector, 43

ind2sub, 76

Infinite loop, 172

Infinite recursion, 356

Inheritance, 370

Initializing, 8

Inner dimensions, 67—68

Inner function, 354

Inner loop, 165

Inner parentheses, 13

Inner product, 70

input, 253

Input arguments, 111

Input/output (I/O), 89-97

Instances, 370

Instantiation, 370

int, 524

Integers, error-checking for, 178-180

Integration, 521-523

Interpolation, 437

Interpreter, 85-86

intersect, 497-498

intmat, 53-54

intmax, 23

intmin, 23

int2str, 267-268

inv, 509, 513

Inverse, of matrix, 509
iscellstr, 281-282
ischar, 150, 266
iscolumn, 150
isempty, 148, 179, 253-254
isequal, 64-65, 146-147
isfield, 286
isfloat, 150

“is” functions, 146-151, 266-267
isinteger, 150
iskeyword, 149
isletter, 146-147, 266
islogical, 150
ismatrix, 150

ismember, 497-498, 500
ismethod, 382
ismissing, 536

isnan, 149
isnumeric, 148
isreal, 150, 503

isrow, 150

issorted, 497-498, 500-501
issortedrows, 305
isspace, 266

isstr, 150

isstring, 266
isStringScalar, 266-267
isstrprop, 267
isstruct, 286
isvector, 150

Iterate, 158

Javascript Object Notation (JSON),
329

jet, 447

join, 265-266

JPEG image, 455-456, 456f

Jjsondecode, 330-331

Keywords, 9
K-fold validation, 191-192
K-means clustering, 544

Labeled data, 31
Leading blanks, 94, 252
Leaf node, 150-151

Least squares regression, 439-440
legend, 102, 104
length, 90, 110-111, 251
limit, 524-525
limite, 219, 221
Linear algebraic equation, 508-514
reduced row echelon form,
513-514
2x2 system of equations,
511-513
Linear indexing, 47, 63
Line object, 426, 427-428f
linepts, 438
Line types, 101-102
linspace, 41-42, 91-92
Listeners, 402403
Live Editor Toolstrip, 121f
Live scripts, 84, 120-125, 234-236,
235-236f
load, 29, 105, 107, 120, 170-171
Locale setting, 25
Local functions, 118-119, 215-217
Local variables, 117-118, 224-225
Logarithm, 27
Logical built-in functions, 64-67
Logical errors, 230
Logical expressions, 134-135, 142.
See also Relational expressions
Logical indexing, 63
Logical operators, 18, 21t
Logical true and false, 134-135
Logical vector, 62-67
logical built-in functions, 6467
relational expressions with vectors
and matrices, 62-63
loglog, 418-419
Log scales, 418-419
logspace, 41-42
lookfor, 88-89
Looping statements, 157
Loop or iterator variable, 158-160
Lower-level file I/O functions, 317,
319-328

Machine language, 85
Machine Learning (ML), 30-32, 533
algorithms and model
performance, 537-539
basic workflow, 534-537
built-in data sets, 534-535
preprocessing data, 535-537
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Statistics and Machine Learning
Toolbox™, 540-546
Maclaurin series, 218
Main diagonal, of square matrix, 71
Main function, 215
Main program, 212
Manhattan distance, 239
Markers, 101
MAT-files, 28-29
appending variables to, 29
reading from, 29
writing variables to file, 28-29
MathWorks®, 4, 29
MATLAB®™ Drive™, 30
MATLAB® Grader™, 30
MATLAB®™ Mobile™, 30
MATLAB® Online™, 30
Matrices, 39-56
as function arguments, 56-59
loops with, 180-189
operations, 67-76, 508-509
printing, 95-97
properties, 67-76
relational expressions with,
62-63
scalar and array operations, 60—62
transpose, 508
variables, 44-48
Matrix augmentation, 509
Matrix multiplication, 67, 69-70
max, 57-58
Mean, 73-74
Median, 73-75
menu, 145
Menu-driven, 218
Menu-driven modular program,
218-224
meshgrid, 76, 424-426, 425f
min, 57-58
Missing, 536
Mnemonic, 9
mobiledev, 30
mod, 26
Modes, 73-75, 105
Modular programs, 84, 212-215
movegui, 459
movie, 420
Multiple colormaps, 452, 452f
Multiplication, of complex numbers,
504-505
mustBeGreaterThan, 346
mustBelnteger, 346

mustBeNumeric, 346
mustBePositive, 346
mustBe-Text, 346
mustBeVector, 346
Mycolors, 433

mymax, 133-134b
mymin, 133-134b
mynum, 68
mysumscript, 225

namelengthmax, 9, 34
Name-value pairs, 283
NaN values, 149-150
nargin, 342-343, 379-381
nargout, 342, 345
Natural language processing,
270-271
Natural logarithm, 27
ndims, 76
Negative correlation, 124
Nested functions, 341,
354-355
Nested loop, 165-172
Nested parentheses, 13
Nested structure, 292-293
Nesting calls, 59b
Nesting statements, 138-142
Newline character, 92-93
Nodes, 150-151
numden, 518
numel, 50
Numerical expressions, 11-17
built-in functions, 13-15
constants, 15
ellipsis, 11-12
format command, 11-12
help, 13-15
operators, 12-13
random numbers, 15-17
Numerical integration, 521
num2str, 267-268

Object code, 85

Object handle, 370

Object-oriented programming
(OOP), 369-370

Objects, 370-377

One-hot encoding, 307

Open the file, 319-321

Operations
on character vectors, 253
on string arrays, 264-266
on strings, 253-254
on text, 252-266
Operators, 12—-13
binary, 12
logical, 18, 21t
overloading, 382-384
precedence rules, 13, 22¢, 67t
relational, 18-19, 62—63
unary, 12
Ordinal categorical arrays, 296
Ordinary method, 381
otherwise clause, 143-145
Outer dimensions, 67—68
Outer function, 354
Outer loop, 165-166
Outer product, 70
Outliers, 73-76
Output arguments, 111
Overfitting, 527, 527f
Overloading, 382-384

Parent/child, 370
Parentheses
inner, 13
nested, 13
Parula colormap, 447, 448f
pascal, 76
Patch, 431, 431f
Patch colors, 433, 433f
Patch object, 432-433, 432f
Percentiles, 404
Permission, 319-320
Persistent variable, 226228
persistex, 227
Pie charts, 416-418, 417f
exploding, 422-423, 422f
using percentage, 417-418, 418f
Pink colormap, for sphere, 450, 451f
Pixels, 445-446
Place holder, 92
play, 486
plot, 98-101
plot3, 423
Plot functions, 412-422
area, 412-416
bar, 412-416
barh, 412-416
histograms, 416-418, 416f
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Plot functions (Continued)
log scales, 418-419
pie charts, 416-418, 417-418f
scatter plot, 412-416
stem, 412-416
Plotonepoint, 98
Plots
applications, 433-436
plotting file data, 435-436,
436f
plotting from a function,
433-435, 434f
complex number, 506-508, 507f
customizing, 420-422
in Graphical User Interfaces,
470-472
saving and printing, 436-440, 439f
PLOTS tab, 411
Plot symbols, 101
PNG image, 455
Polar form, of complex numbers,
506
Polarplot, 506
polyder, 523
polyfit, 438, 525
polyint, 523
Polynomial curves, 525-528
Polynomials, 437
poly2sym, 516
polyval, 437-438, 505-506, 523
Positive correlation, 124
Preallocation, 162
Precedence, 13
pretty, 518
preview, 318
Price field, 303
Primitive graphics objects,
426433
Primitive objects, 370-371
Principal component analysis (PCA),
334
printem, 208-209
printrectarea, 216
Procedural languages, 369
prod, 57-58
Program organization
local functions, 215-217
modular programs, 212-215
Prompt, 4-5
Prompting, 84
Pseudorandom, 16
Push buttons, in GUI, 461-470,
465f

quad, 523

Quadratic fit, 526, 526f
Quantiles, 404
Quartiles, 404

Query parameters, 329

Radius, 9

rand, 16-17, 45-46

randi, 17-18, 45-46

Random colors, 449-450, 450f, 491f
Random numbers, 15-17
randperm, 192

range, 76

Range, of type, 23-26

Reading from a file, 107-109
readlenwid, 216
readmatrix, 318

readtable, 318

real, 502

Real part, of number, 501

Record, 277-278

Recordblocking method, 486
Rectangle object, 429-430, 430-431f
Recursion, 355-356

Recursive functions, 341, 355-362
Reduced row echelon form, 513-514
Regression algorithms, 31, 539, 542
Regression functions, 543
Regression Learner App, 542-544
Relational expressions, 18-23
Relational operators, 18-19, 62-63
rem, 26

renamevars, 298-299
repelem, 54

repmat, 53

Reserved words, 9

reshape, 51-52

RESTful, 329

Return value, 14, 186
rgh2gray, 488

rmfield, 284-285
rmoutliers, 537

rng, 16

Root mean squared error (RMSE), 539
Root node, 150-151

Root object, 371

rot90, 52-53, 53b

Roundoff errors, 23

Row vector, 39-44, 48

rref, 514

Running product, 161-162
Running sum, 57-58, 161
runsum, 161, 171-172
Runtime errors, 229-230

Sampling frequency, 484
save, 28
Scalar, 39-40, 60-62
Scalar multiplication, 60
Scatter plot, 412, 413f
Scientific notation, 12—-13
Scope of variables, 118
Script files, 5
Scripts, 83-88
bar chart produced by, 103, 103f
calling user-defined function from,
114-115
with grid, 103, 103f
with input and output, 97
live, 120-125
local functions in, 118-119
plots customization, 98-104
Seed, 16
SelectionChangedFcn, 473
Selection sort, 301
Selection statements, vectorizing
loops with, 185-188
semilogx, 418-419
Semilogy, 418-419, 419f
Sentiment analysis, 270-271
setdiff, 497-499
Set operations, 497-501
setxor, 497-499
sgtitle, 164
shiftdim, 76
Side effects, 209
sign, 57, 66
Silhouette coefficients, 539
simpleGuiNormalized,
459-460
Simple programs, 115
simplify, 516
Simulink toolboxes, 561
sin, 14, 26, 103-104, 351, 351f
sind, 26, 136
size, 141b
Sliders, in GUI, 461-470, 467f
SliderValueChanged, 482
solve, 519
sort, 75, 304
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Sorting, 278, 300-308
data structures, 304-306
vectors of structures, 302-303
sortrows, 304-305
Sound files, 484489
Sound wave, 484
Source code, 85
Sphere
mesh plot of, 424, 424f
pink colormap for, 450, 451f
surf plot of, 424, 425f
Splat, 484
Split validation, 191-192
Sprintf,255,256b,256ﬁ 412
Square matrix, 45, 71-73
Stacked bar chart, 415f, 442f
Standard deviation, 360-361
Standard error, 320
Standard input, 320
Standard output, 320
StartMelUp, 483-484
startsWith, 267
StartupFcn, 483-484
Statistics and Machine Learning
Toolbox™, 540-546
stem3, 423
Stem plots, 412-416, 413f
Step value, 41, 41b
strcat, 254-255
strcmp, 259-260
strcmpi, 260
str2double, 268-269, 323-324
strfind, 261
string, 249, 251, 253, 281
String arrays, 249-252,
264-266
Strings, 11, 18
operations on, 253-263
scalars, 250-251
strip, 258-259
strjoin, 265, 281
strlength, 251, 265
strncmp, 260
str2num, 268-269
strrep, 261, 264b
strsplit, 265
strtok, 262, 264b, 323-324
strtrim, 258
struct, 283, 292
Subfunctions, 118-119, 215
sub2ind, 76

Subpkﬁ,163—164,412—413,413ﬁ
414b
subs, 517
Subscript, 42
Subscripted indexing, 4647
Substring, 252
subtitle, 99-100
Subtraction, of complex numbers,
503
sum, 57-58, 76
summary, 296, 300
sumnnums, 161
Superclass/subclass, 370, 385-387
Supervised Learning, 31-32, 537-538
Surf plot, 424, 425f
Switch statement, 142-146
sym, 515
Symbolic mathematics, 497, 508, 515
displaying expressions, 518-519
simplification functions, 516-518
solving equations, 519-520
symbolic variables and expressions,
515-516
Symbolic Math Toolbox™, 524-525
Symmetric matrix, 73
sym2poly, 516
syms, 516
Syntax errors, 229

Tab completion, 15
Tables, 278, 297-300
Temporary variable, 133—-134b
Terminal node, 150-151
Testfile, 107
testifelse, 231
Text, 427, 429f
boxes, in GUI, 461-470, 463f
“is” functions for, 266-267
operations on, 252-266
textscan, 325, 327
3D plots, 423-425, 423f
Three-dimensional matrices, 56
Throwing an error, 137-138
tic/toc, 189-190
TIFF image, 455
timeit, 354
Toggle, 102
Token, 262
Toolstrip, 6, 86f
Top-down design, 84
Trace, 72, 230-231

Trailing blanks, 252

Trailing zeros, 94

Train, 484-486, 485f

Transpose, 44, 508

Trapezoidal rule, 521-523

trapz, 522

True-color/RGB matrices, 446,
452-455, 453-455f, 491f

try/catch, 151

Turbo colormap, 447, 449f

Type casting, 23-26

uibuttongroup, 458, 473,
488-489
uicontrol, 458, 479
uifigure, 477-481, 480f
uilabel, 478
uints8, 452, 455
uintlé, 455
uipanel, 458
uislider, 479
uislideruilabel, 480
uitable, 489
Unary operators, 12
Underfitting, 527
union, 497-498
unique, 497-499
Unsupervised Learning, 31-32,
539
Unwinding a matrix, 47
User, 6, 89
User-defined functions,
109-118
functions that do not return any
values, 203-204
functions that return more than one
value, 203-208
passing arguments, 210-212
return values versus printing,
209-210
task without returning values,
208-209
types of, 203-212

Validation functions, 346
ValueChangedFcn, 480, 484
Value classes, 370, 387-396
varargin, 342-343, 380-381
varargout, 342
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Index

Variable number
of arguments, 341-345
of input arguments, 342-344
of output arguments, 344-345
Variables, 6-11
commands, 9
MAT-files for, 28-29
names, 9-10
persistent, 226-228
types, 10-11
Variable scope, 224-228
Variance, 360-361
Vectorized code, 158, 181
Vectors, 39-56
correlation between, 123-124
extending, 175-176
as function arguments, 56-59
loops with, 180-189
matrix multiplication, 69-70

of nested structures, 294-295

preallocation, 162
printing, 95-97
relational expressions, 62-63

scalar and array operations, 60-62

of structures, 287-292
sums and products, 181-184
of variables, 49

weboptions, 330

webread, 329-330

webwrite, 329

whats1id, 480

While loops, 172-180
counting in, 176-177
error-checking user input in,

177-180

input in, 174-176

multiple conditions in, 174

White space characters,
249-250
Workspace Window, 5, 8
writematrix, 318
writetable, 318
Writing to a file, 105-106

x1sread, 318
x1swrite, 318
xticklabels, 435-436

Zero crossings, 66
zlabel, 423
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