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Sherman’s Matlab Tutorial
12/4/08
Prologue
There are many websites that offer tutorials (also termed primers) for learning Matlab. One that I have found to be particularly helpful and well-written is at: http://www.ag.unr.edu/moeltner/matlab_stuff.htm . However, in my limited searching, I have found no tutorial that begins at the most basic level, and covers the breadth of material that students in my statistics and engineering courses need to become immediately comfortable and productive. For this reason, I have written the following tutorial.

Matlab versus Fortran

Fortran has been and continues to be a mainstay programming language among scientists, engineers and mathematicians. And so, one might ask: Why then has Matlab become so popular in these disciplines? To be sure, there are many things that are more easily done in Matlab than in Fortran. However, such was not the case when Matlab was introduced in the early 1980’s. But even then, it immediately captured the interest of researchers and academics. It is my opinion that the main reason for this is the manner in which Matlab allows one to perform operations on arrays of numbers. Compare the following Fortran-type and Matlab-type Matlab codes for performing the operation:
                                              z(k) = x(k) y(k)    for   k = 1, 2, … , n
Fortran Loop Format:
Matlab Preferred Format:  z = x .*y
     for k = 1 : n
    z(k) = x(k)*y(k)

    end

Whereas the Fortran format entails multiplications in a sequential loop fashion, Matlab performs a single vector (or array) element-by-element multiplication. Figure 1 below shows that ratio of computation times for the two methods.
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Figure 1(a) Ratio of Fortran/Matlab computation times for various amounts of multiplication when the size of the product array, z, is predefined.
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Figure 1(b) Ratio of Fortran/Matlab computation times for various amounts of multiplication when the size of the product array, z, is predefined.
The Matlab format code is 5-10 times faster when the product vector is pre-defined. When it is not pre-defined, and Matlab must dynamically allocate memory, the computation ratio appears to follow the model:

                     log10(R) = β log10(N) where 
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. Hence, R = N0.33, or, TF = TM N0.33. 
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For 105 multiplications, the dot-multiplication method took ~1 second, while the loop method took ~50 seconds. 
The above analysis points out that Matlab is designed as vector-oriented code. It is ill-suited to large numbers of loop computations. It also highlights the reason that the Matlab on-line debugging code will suggest that you pre-define your arrays to improve computational efficiency. It is the ability of Matlab to efficiently perform operations on very large arrays that, in my opinion, gained it such immediate favor over Fortran at a time when algorithms such as the Fast Fourier Transform (FFT) were in wide use on mainframe computers with very limited memory and processing speed compared to today’s laptops.
1. Generating Arrays of Numbers
I chose to address the generation of arrays of numbers first, because the reader need not have any data on hand to proceed through this tutorial. Matlab includes a host of commands for generating various types of user-specified sized arrays of numbers. Consider an array with m rows and n columns. If n=m=1 this array is a scalar. If m=1 and n >1 the array is a row vector whose length is n. If m >1 and n =1 the array is a column vector whose length is m. If m > 1 and n > 1, the array is a matrix of size 
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 array, or matrix of numbers has the form: command(m,n). The word command in this line of code can be replaced by any of the following:

zeros - generates an array of zeros

ones -  generates an array of ones
rand -  generates an array of numbers from a Uniform(0,1) distribution

randn -  generates an array of numbers from a Normal(0,1) distribution

A row vector of the numbers 1, 2, and 3 is written as [1 2 3] or [1,2,3]. A column vector of these numbers is written as [1;2;3]. Hence, a matrix with first row containing 1,2, and 3, and second row containing 0,1, and 0 would be written as [1 2 3 ; 0 1 0 ]. 

The above commands are the most commonly used commands by Matlab beginners.

2. Dot-Operations as an Alternative to Looping
The following are the symbols Matlab uses for various mathematical operations:
            + (addition) ; - (subtraction) ; * (multiplication) ; / (division) ; ^ (exponentiation)

To perform element-by-element addition or subtraction in relation to arrays X and Y, one uses the code:

                                                                   X + Y   or   X – Y

Notice that all element-by-element operations necessitate that X and Y have the same 
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 size. Should you try to perform any such operation on two arrays of different sizes, don’t worry. Matlab will halt your code at that line, and tell you that your matrix dimensions do not agree. To perform element-by-element multiplication, division or exponentiation in relation to arrays X and Y, one uses the code:

                                                    X .* Y     or     X ./ Y     or     X .^Y

Notice the dot preceding each operation. If X and Y are scalars, the dot can be omitted. If m and/or n are >1, then Matlab may or may not halt your code. For example, if both X and Y are 
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 arrays with m > 1, then omitting the dot will result in an error message. On the other hand, if X is an 
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array, and Y is a 
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array, then Matlab will perform the row-column multiplication typically preformed on matrices, and the result will, in this case, be a scalar that is the sum of the products of the elements of X and Y.
3. Plotting
Matlab has a wealth of sophisticated plotting routines. In this section I will cover only the most basic 2-dimensional (2-D) case, since this is the one that most beginners require. Because a 2-D plot entails plotting a collection of ordered pairs of numbers, 
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, there are three basic formats for plotting the X array against the Y array:
plot(X,Y) – connects the points with straight lines, but does not use any symbol to show the points

plot(X,Y,’*’) – uses the symbol * to plot only the points (no connecting lines)

plot(X,Y,’-*’) – plots both the points (using the symbol *) and the lines connecting them

4. An Example
Here, we will look at the code that was used to obtain Figure 1 above.

1. %tictoc.m This is the name of the code
2. % This code computes the time required to perform various numbers
3. % of multiplications via looping versus dot-multiplication
4. mm=5   This is the highest of the exponents {1,2,3,4,5} of 10 for array sizes
5. f1vec = zeros(1,mm); f2vec = zeros(1,mm);Notice that you can place multiple commands 
on the same line, so long as they are separated by a ‘;’. This symbol should also be placed after a single command if you do not want to have the result shown on the screen. I omitted it in line 4. since I wanted to follow the progress of the code. The arrays f1vec and f2vec 1xmm (=5) arrays initialized to sero. They will ultimately contain the 5 run times of the Fortran and Matlab methods for multiplying the 5 lengths of numbers.
6. for mexp = 1:mm This begins the loop for the various lengths of the arrays
7.   mexp   This echoes the current exponent of 10 to the screen so I can monitor progress
8.   m=10^mexp;  % The length of the arrays whose elements will be multiplied
9.   x = rand(m,1);
10.  y = rand(m,1);
11.  %z = zeros(m,1); %This line, when active, pre-allocates memory for the z array
12.  % LOOPING
13.  tic; % Begin the stop clock
14.  for k = 1:m   %This begins the Fortran method loop for computing all the products
15.      z(k) = x(k)*y(k); This is the product of the kth elements of the x and y arrays
16.  end   %This ends the Fortran method loop
17.  f1vec(mexp) = toc; After the loop is completed the stop clock is stopped and the time is entered into the mexp_th position of the array f1vec
18. %==================
19. % DOT-MULTIPLICATION
20. tic; Restart the stop watch
21. z = x .*y; This is Matlab’s element-by-element multiplication command
22. f2vec(mexp) = toc; Stop the clock and enter the time needed to perform line 21.
23. end   % This ends the loop for the various array lengths
24. %=================
25. rf = f1vec./f2vec; This computes the ratios of the two times for the 5 array sizes
26. mvec = 1:mm;  This defines the array of the 5 exponents used
27. mmvec = 10.^mvec; This computes the actual array sizes
28. figure(1)
29. loglog(mmvec,rf,'*') This uses the ‘loglog’ command instead of the ‘plot’ command
30. xlabel('Number of Multiplications')
31. ylabel('Computation Time Ratio')
32. title('Comparison of Loop vs. Dot-Multiplication in Matlab')

Even though the above code may appear to be quite long, there are a number of lines that are simply comments to help me to organize my thoughts. When the symbol % begins a line of code, the line is ignored. Additionally, I have included explanations in BLUE that are not included anywhere in the code.
The above code includes a number of commands that I have not discussed; such as ‘tic’ and ‘toc’, ‘loglog’ and axis and title plot labels. If you type ‘help tic’ at the command prompt, a discussion of the command tic will appear. Matlab has an excellent help component, and you should feel free to consult it. At the end of each discussion are included related commands. Clicking on them will bring up related discussions.
5. Constructing Functions
You may encounter many different situations where you want to use the same sequence of commands, but with different arrays of numbers. In such situations the use of a function can significantly reduce the length of the program. If you type ‘help function’ you will be presented with a thorough discussion, including the following:

At the top of the file must be a line that contains the syntax definition for the new function. For example, the existence of a file on disk called stat.m with:

            % function name: stat.m
            % This function computes the sample mean and standard deviation of input x.
            function [mean,stdev] = stat(x)

            %STAT Interesting statistics.

            n = length(x);

            mean = sum(x) / n;

            stdev = sqrt(sum((x - mean).^2)/n);

defines a new function called stat that calculates the sample mean and standard deviation of a vector. The variables within the body of the function are all local variables. 

Three types of variables are related to a function. One includes the variables contained in the parentheses of the function. In the above example there is only one variable; namely, x. These variables must be defined prior to calling the function. They are then brought to the function via the parentheses. The second type includes the variables defined within the function that are then carried back to the calling program for use there. These variables are on the left side of the equality, just after the word ‘function’ in the very first line of the function code. In the above example, since there are two variables that the function code will compute (i.e. mean and stdev) they are placed inside of square brackets. The brackets make them a 2-D vector whose first element is ‘mean’ and whose second is ‘stdev’. In the above example they are separated by a comma. This makes the vector a row vector. A space has the same effect as a comma. Had they been separated by a semi-colon, the vector would have been a column vector. [Note: I find it strange that the label ‘mean’ was used, since Matlab has a command by that name: it computes the average of an array of numbers. It is possible that if you try out the above example, you will get a suggestion to choose another name, so that Matlab does not get confused.] Below is an example, wherein a function is used to compute the expression for the normal probability density function pdf (i.e. the bell curve) and plot it, for any user-specified values of the expected value and variance. The normal pdf is the formula:
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However, the ‘essential range’ of x is typically taken to be the interval 
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. In the code below, μ=nu and σ2 = sig2.
function normalplot(nu, sig2)
% PROGRAM NAME: normalplot.m
% nu = expected value & sig2 = variance
x = nu-4*sig2^0.5 : 0.05: nu+4*sig2^0.5;   

% This defines the domain array on which the pdf  will be computed and plotted against
fx = (2*pi*sig2)^-.5 * exp( -(x - nu).^2 *(2*sig2)^-1 );
plot(x, fx)
xlabel('x')
ylabel('f(x)')
title('Plot of the Normal pdf')
The program used to call the above function twice is given below
%PROGRAM NAME: nplot.n
%This profram demonstrates the use of the function
% 'normalplot.m
figure(1) 
normalplot(0,1)
pause   This pauses the code so that you can study the plot. Hitting any key resumes it
figure(2) 
normalplot(10,2)

The two plots are shown below.
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To copy and paste the plots into this Word document, I went to the ‘edit’ button at the top of each figure, and selected the ‘copy figure’ option. I then went to this document and pasted it in.
6. Conclusion
This tutorial was meant to be a ‘bare bones’ one. Matlab has a wealth of toolboxes, ranging from statistics to feedback control systems. To get an idea of the commands included in a given toolbox, simply go to the ‘command log’ window (the first one to pop up; not the ‘command’ window), and click on the ‘help’ button. Then select the topic of interest. 
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