
Introduction to Plotting and Vectorization
This lab will provide an introduction to two dimensional plots. At the end, you should feel
comfortable plotting functions of the form f(x). You should find this useful not only for
visualizing the solutions of ODEs, but also for plotting general data that might appear in other
courses and work.

In the process we will also introduce the concept of vectorization, which is helpful for writing
efficient and "clean" code. Vecotorizaiton is a concept found not only in MATLAB but also
C/C++, fortran, and other languages.

Opening the m-file plotsintro1.m in the matlab editor, step through each part using cell mode
to see the results. Compare the output with the PDF, which was generated from this m-file.

There are five (5) excercises in this lab that are to be handed in at the end of the lab. Submit
your solutions in the template, including appropriate descriptions in each step. Hand in
printouts of both your souce code (the m-file) and the html generated by going to 'File',
'Publish'.
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Creating Vectors Explicitly

MATLAB plots vectors (also known as arrays) of data points. The first way to create vectors is
to give MATLAB a list of values of the form:

x = [value1, value2, value3, ..., valueN];

We can then see the values in the array x by entering x without a semilcolon or with the
command disp(x), with or without the semicolon.

Individual entries of the vector can be accessed with the command x(i), where i is between 1
and the length of the array. If i is not in this range an error is thrown.

Examine the following commands and their output.



Examine the following commands and their output.

x = [.5, 1.0, 2.3, 4.0, 4.333, 5.];     %These are arbitrary values
x
disp(x)
disp(x);
x(1)
x(2)

x =

    0.5000    1.0000    2.3000    4.0000    4.3330    5.0000

    0.5000    1.0000    2.3000    4.0000    4.3330    5.0000

    0.5000    1.0000    2.3000    4.0000    4.3330    5.0000

ans =

    0.5000

ans =

     1

Exercise 1

Objective: Observe a MATLAB error when you try to access an invalid index.

Details: Try to access elements of the vector x, created in the previous step at the command
prompt >>. Try values of i outside the valid range. Try negative values, zero, and large
positive values. Copy down the error message in each case, and report this in your submitted
work as:

Error for negative index:

Error for zero index:

Error for positive index outside of the bounds:

Only include the error message as a comment (with the percent signs), DO NOT INCLUDE THE
CODE IN YOUR SUBMISSION.

Plotting a Vector

Given a list one dimensional array of values we can plot them with the command plot(x),
with or without a semicolon. This will plot point the data set (i, x(i).

plot(x)



Plotting Vector x against Vector y

To plot functions, we need two vectors, a set of x points and a corresponding set of y points.
We now create a vector y and plot x against y with the command plot(x,y).

If the two vectors are not the same size, MATLAB will throw an error.

y = [3.7, -3.4, 1.02, 2.2, .04, 1.0];   %These are arbitrary values
plot(x,y)



Exercise 2

Objective: Create two vectors and plot one against the other.

Details: Explicitly create the vectors

x = [-2, -1, 0, 1, 2]

and

y = [ 4, 1, 0, 1, 4]

And plot x against y. Your submission should show both the creation of the vectors and the
figure, as in the example.

Creating Vectors with For Loops

Entering the values by hand is tedious and error prone. We can use MATLAB's programming
features to create them. Suppose we want to create a vector of N points between 0 and 1,
equally spaced and inclusive. This would be useful if we wanted to evaluate a function, f(x), at
all of these values.

The distance between the points will be h = (1 - 0)/(N-1), so that:

0 = x(1) = 0 * h < x(2) = 1 * h < ... < x(j) = (j-1) * h < ... < x(N) = (N-1) * j = 1

NOTE: if we with to do this between two arbitrary points, a < b, instead of 0 and 1, the values
would be: h = (b - a)/(N-1) and a = x(1) = a + 0 * h < x(2) = a+ 1 * h < ... < x(j) = a +(j-1) * h
< ...< x(N) = b

We assign a value of N, compute h, preallocate a vector x, and then loop through the vector.

Preallocation can be done with the command x = zeros(N,1);. Other options are possible



Preallocation can be done with the command x = zeros(N,1);. Other options are possible

N = 11;             %Alter this value to see different results
h = (1-0)/(N-1);
x = zeros(N,1);     %This creates a column vector.
                    %zeros(1,N) would create a row vector.

for j = 1:N
    x(j) = (j-1) * h;
end
disp(x);

         0
    0.1000
    0.2000
    0.3000
    0.4000
    0.5000
    0.6000
    0.7000
    0.8000
    0.9000
    1.0000

Plotting y = x^2

As a first example of plotting a function, we plot y = x^2. Using the array x created in the last
step, we populate a vector y such that y(i) = x(i)^2 and plot it.

y = zeros(N,1);     %Preallocate the array

for j = 1:N
    y(j) = x(j)^2;
end

disp(y);

plot(x,y)

         0
    0.0100
    0.0400
    0.0900
    0.1600
    0.2500
    0.3600
    0.4900
    0.6400
    0.8100
    1.0000



Plotting y = sin(2 * pi * x)

MATLAB has a number of built in functions including the trigonometric functions (sin, cos,
arccos,...), the exponential functions (exp), the natural logarithm function (log), hyperbolic
functions (sinh, cosh), and others. The constant pi is also defined. For a full list of built in
functions type help elfun at the MATLAB command line.

We create the vector z with z(j) = sin(x(j)), using the same array as from the previous
steps.

z = zeros(N,1);     %Preallocate the array

for j = 1:N
    z(j) = sin(2 * pi * x(j));
end

plot(x,z)



Exercise 3

Objective: Plot x * exp(x)

Details: Using a for loop, create a vector x of 50 equally spaced points between -1 and 2,
inclusive. Then create a vector y, such that y(i) = x(i) * exp(x(i)) using a for loop. Plot the
results.

Your submission should include the code, as in the example, and appropriate comments.

Plotting Two Data Sets at Once

We can also plot the preceding two examples on the same figure with the command plot(x,
y, x, z). MATLAB will automatically put a different color on each line.

plot(x,y,x,z)



Annotating a Figure

It is easy to add a title, labels of to the axes, and a legend to the preceding figure.

xlabel('x');
ylabel('f(x)');
title('Example plot of two functions plotted on the same figure');
legend('x^2', 'sin(2*pi*x)');



Using Help Effectively

You can obtain help on any routine at the command line by typing help commandname. As
you may have noticed in the preceding figure, the legend was not placed in a convenient
position. We will now use help to find out how to move the legend to the lower left corner,
where it will be less obtrusive.

If you type help legend in the command window at the >> prompt, you'll see a section:

LEGEND(...,'Location',LOC) adds a legend in the specified location, LOC, with respect to the
axes. LOC may be either a 1x4 position vector or one of the following strings:

      'North'              inside plot box near top
      'South'              inside bottom
      'East'               inside right
      'West'               inside left
      'NorthEast'          inside top right (default)
      'NorthWest           inside top left
      'SouthEast'          inside bottom right
      'SouthWest'          inside bottom left

Thus, if we call legend again, with the option 'Location', 'SouthWest', it will move the
legend to where we want.

%NOTE: The labels are entered again.
legend('x^2', 'sin(2*pi*x)','Location','SouthWest');



Vectorization - An Elegant Alternative to Loops

In the previous examples, we used for loops to fill our arrays with the values we wanted. This
is very similar to what would be done in C/C++, Java, Fortran, and other languages.

MATLAB provides a faster way to perform these looped operations, using vectorization, which
proccesses the entire vector as a single object. For example, given a vector x, we can get the
sine of the values in x with the command sin(x), which outputs another vector. This works
with all built in MATLAB functions.

Multiplication, division, and exponentiation are handled differently. Instead of using *, /, and 
^, we must use .*, ./, and .^ to indicate that we want the operation to be performed on each
element. The reason for this change in the symbols is that MATLAB uses the symbols without
the period for matrix multiplication, exponentiation, and other actions.

Vectorization yields more concise and less error prone code:

y = x.^2;               %Alternatively, y = x .* x;
z = sin(2 * pi * x);    %NOTE:  Multiplcation by the scalar 2*pi, does not
                        %       require the .* operator.

plot(x,y,x,z)           %Verify that these are the same results
xlabel('x');
ylabel('f(x)');
title('Example plot of two functions computed by vectorizaiton');
legend('x^2', 'sin(2*pi*x)','Location','SouthWest');



Speed Comparison

Historically, it was desirable both for clarity and speed to use vecotrized operations in place
of loops everywhere possible in MATLAB. Recent versions of MATLAB have reduced the speed
advantage through the introduction of a Just in Time (JIT) compiler, parallel for loops, and
other tools.

However, we can still demonstrate the speed advantage, and the benefit to clarity is already
evident.

Timing is done with the tic, toc commands, which enclose the region we want to
benchmark. The first output is the time for the construction done by looping, the second
output is the time for construction done with vectorization.

clear y;    %Clear the y array
tic;        %Begin timing the construciton and filling of the array

y = zeros(N,1);

for j = 1:N
    y(j) = x(j)^2;
end

toc;

clear y;    %Clear the y array
tic;
y = x.^2;
toc;



toc;

Elapsed time is 0.002470 seconds.
Elapsed time is 0.000052 seconds.

Exercise 4

Objective: Compare the speedup from vectorization for a larger vector.

Details: Create a vector x of 50000 equally space points between -1 and 1, inclusive, using a
for loop. Then time the construction of vector y, y(i) = x(i)^3, by a for loop and by
vectorization. Be sure to clear y between the two runs.

Your submission should include the code, as in the example, with appropriate comments.

Further Avoiding Loops with linspace

In the preceding examples, we will relied on the vector x, which was constructed with a for
loop. MATLAB includes a routine for creating a vector of a given number, N, of equally spaced
points between two values, a and b:

x = linspace(a, b, N);

No preallocation is neccessary. The argument N is optional. If it is omitted MATLAB uses 100
points by default.

We will now use linspace to plot the functions y = x - x^3 and y = exp(x) in the range [-2, 4]
with 200 points.

clear all;                  %Clears all variables

x = linspace(-2,4, 200);    %Create the array

y = x - x.^3;
z = exp(x);

plot(x,y,x,z)           %Verify that these are the same results
xlabel('x');
ylabel('f(x)');
title('Example plot of two functions generated by vectorizaiton');
legend('x-x^3', 'exp(x)','Location','SouthWest');



Exercise 5

Objective: Solve an ODE and plot three particular solutions.

Details: Find the general soltuion fo the ODE:

dy/dt + y/2 = e^{t/3}/2

and the particular solutions for initial conditions y(0) = -2, y(0) = 0, and y(0) = 4. Plot these
three particular solutions on the same axes lettting the independent variable range from 0 to 5.

Once you have the three particular solutions you will need to:

1. Create a vector for the independent variable, t.  Use linspace with
a reasonable number of points (100 is fine).
2. Create vectors for the three solutions.  Use vectorized operations.
3. Plot three solutions on the same axes, annotating the figure
 appropriately.

Your submission should include, in the description section, the general solution of the ODE
and the three particular solutions. It should also have the appropriately commented code.

More Plotting Examples - Line Style

There are many plotting options available, including color, line style, and marker style. Some
options can be found from the help plot command. This is done by incuding a command
after each line.

In the first we example we will vary the line style.

x = linspace(-5,5);

%Plot three functions with different line styles.  NOTE: the



%Plot three functions with different line styles.  NOTE: the
%function can be put directly in the plot argument.
plot(x, sin(x),'--', x, cos(x),'-.', x, exp(-x.^2),':');
legend('sin', 'cos', 'exp(-x^2)');

More Plotting Examples - Line Color

We can also control the color, mixing it with line style.

%Plot two functions, first in green and then in red.
x = linspace(-1,1);
plot(x, x.^3 .* sin(x), 'g', x, -x .* exp(x), 'r-');
legend('x^3 * sin(x)', '-x * exp(x)');



More Plotting Examples - Markers

Markers can be used at the individual points, with and without a line joining the points.

x = linspace(-4,4, 20);
plot(x, sin(x), 'x-', x, (x.^2)./(1+x.^2), '.');
legend('sin(x)', 'x^2/(1+x^2)');
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