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Chapter 1

Intro

Hello There

General Kenobi

I took this course many moons ago and so now I'm making notes based on what | remember from the course and my own
experience playing around with programming languages. That being said, | take a pretty holistic approach to this course.
That is, | assume that you have a good understanding of the previous classes you needed to get here and we will talk about
how what you learn here relates to what you have learned previously.

11  What is CMSC330?

At its core, CMSC330 is a study of language theory. This course is not meant to teach you programming languages, but instead
it is mean to teach you how to learn a language. While this class currently focuses on OCaml and Rust (but mostly OCaml),
this course could use no programming language and I think could still get most of its ideas across. So let me set a few things
straight about how I view this course:

« This course is not meant to teach you OCaml, Rust, Python or whatever the hot language is at the moment. We use
these languages sure, but as far as | am concerned, we could use Haskell, Go, Typescript and this course would not
change much.

« This course is not meant to teach you how to code, it is to teach you how to organize your thoughts and use language
to describe a solution.

« This course contains introductions to many higher level topics. Thus the practical aspects of what we do can only be
truly realized in a course dedicated to a sole topic.

« This course has an aspect of existentialism. As a theory heavy course, what you find has value will be largely up to
you. That being said, | will try and get you to care and see the implications of what we learn.

1.2 What s a language?

After pulling out my HESP140 notes, | can say with some confidence that a formal definition for language can be simply put
as a system of communication. However, after pulling out my philosophy notes’, | want to say that language is anything that
transfers what goes on 'in our mind’ to 'out of our mind. I'm sure more important people would disagree, but eh.

What I am trying to get at is the fact that we all have thoughts and feelings, and ultimately no one knows what goes on
in our heads until we express or share what we are thinking and feeling > To be put even more succinctly: a language is a

"l would recommend taking philosophy of language with Alexander Williams
2Thomas Nagel has a fun little paper called "What is it like to be a bat" that says no matter how much we know about bats and no matter how hard we
imagine what echolocation would be like, we could not experience how a bat navigates.
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medium used to express ourselves. And in my experience, programming languages are no different. However it's not that
simple.

1.3 How do we use language?

So now that we answered what a language is, we can now focus on one part of what this course wants to make sure you un-
derstand: how to express ourselves with a language. To answer this question, we need to learn some new words: semantics
and syntax. Semantics refers to the meaning of sentences/languages while Syntax refers to the structure of the language®.
Consider the following:

» The snow is white
« schnee ist wei}

+ Precipitation comprised of ice cystrals under the temperture of 0° C reflects all wavelengths of light from 400nm to
700 nm.

Iwould argue thatall 3 sentences have the same meaning. That is, the semantics of the sentences are the same. Programming
languages are the same. Consider the following:

\\java
X % 2 == 0 ? System.out.println("Even"):System.out.println("0dd");

\x C *\

if (x % 2 == 0){
printf("Even\n");

}else{

printf("0dd\n");
}

The semantics of these two programs are the same, despite them looking different. This is where syntax comes into play.
Since syntax deals with the rules of what is valid or not, let us take an even smaller example:

\\java
System.out.println("Hello, World!");

\xCx\
printf("Hello, World!");

Syntax deals with what is valid rules to create a sentence in a language. If we tried to write the first line in a C program,
the compiler will yell at us, and had we tried to write some C code in Java, the compiler will be yell at us again. That is to
express the same thing, in one language requires one thing, and in another something else. We will eventually talk about
grammar, but for now just keep in mind the idea of syntax and semantics. An array will always be an array, but the code you
use to make one will differ from language to language. That said, most languages are Turing complete (which we will also
discuss later), so basically any program you make in one language, can be made in a different one which raises the following
question(s).

1.4 Why so many languages? Why use one over another?
As we hopefully all know, computers only really know is machine code. But we as programmers don't really know or play

around with bytecode. We use other languages which are easier to write with because they have shortcuts or macros that
cover the hard and tedious stuff. Consider the following assembly code:

3Some would say this sounds like grammar. This is partially true since grammar is a subset of syntax
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func:
push ebp
mov ebp,esp
; code
mov esp, ebp
pop ebp

This particular example represents the stack frame that is added to the stack whenever a function is called. It would be
terrible if we had to do this everytime we wanted to call a function, so if we can replace the aforementioned assembly with
something nice:

func();

That is most languages have some way to implement or represent a function call (typically means adding parenthesises
after the function name). The idea of having special shortcuts in a language is the basis for the second point this course
finds important: language features. Different languages features is why there are so many languages and why you way want
to use one language instead of another.

1.5 Language Features

Let us consider the following Java code:

int sum = 0
for(int i = 0; i1 < 10; i++){
sum += i

}
Now consider the following LSIP code which does the exact same thing:

(defun sum (s a) (if (= a 0) s (sum (+ s a) (- a 1))))
(sum 0 10)

Now these two code segments do the same thing, but notice that LISP’s doesn’t seem fun or as straight forward. We will
discuss later in the course why that is, and other fun thinga about this, but for now you just need to know that there is no
such thing as iterative structures in LISP. LISP is purely recursive (and we will learn this with OCaml) and so it has a different
way to express what to do. Throughout this course, you will see this idea over and over: some languages have certain ways
to expressing things that others do not. When talking about these features, | will try to highlight why the feature is useful
and more importantly how this feature is implemented in the backend, and how you could incorporate it in other languages.
By the end of this class you should be able to make your own or at least modify programming languages to have features
from other languages. An example of this with languages and ideas you already should know would be knowing how to
implement object oriented inheritance in C (hint: void pointers and structs).

1.6 Conclusion

This course focuses on a few things
+ Recognizing language features and analyzing their effects on problem solving
- Imperative and functional programming
« Computational abilities of regular, context-free and Turing-complete languages
+ Deriving meaning from a language
« Creating proofs about the correctness of a program

+ Designing languages and implementing their evaluation
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Chapter 2

Ruby

A regretful honey maker could be called
arue-bee

KLiff

This is a programming language chapter so it has two (2) main things: talk about some properties that the Ruby pro-
gramming language has and the syntax the language has. If you want to code along, all you need is a working version of
Ruby and a text editor. You can check to see if you have Ruby installed by running ruby -version. At the time of writing,
I am using Ruby 3.0.4. You can also download an interactive ruby shell called irb.

24 Introduction

Unlike the previous languages you have seen in 131/132 and 216, Ruby does not use a compiler so no machine code is
generated. This means that compile-time checks do not exist. This basically means that every check or error is done during
run-time. I'll expand more on this in a bit but for now, lets write our first Ruby program.

# hello_world.rb
puts

Despite this being very simple, we already learned five (5) things.

Single line comments are started with the pound or hashtag symbol
+ no semicolons to denote end of statement
+ puts is used to print things out to stdout (print if you don’t want a newline at the end

+ Parenthesis are technically optional when calling functions (but good style says to only leave out if there are no
arguments or if the function is puts, require, or include)

« ruby file name conventions are lowercase_and_underscore.rb
+ Strings exists in the language (most languages do, but some do not)

Now to run our ruby program we can just use
ruby hello_world.rb

Congrats, you have just made your first program in Ruby!

1
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2.2 Typing

Now we just said that Ruby does not use compile-time checks and all checks and errors are done at run-time. Let's see this
in action.

# programl.rb

variablel = 5
variablel =
variable2 = 4

variable3 = variablel + variable2
puts varable3

Here is a simple program that sets some variables, adds two things together, and then prints the results. This looks weird,
but first lets run and see what happens, and then we can look at the syntax.

ruby program1.rb

hw.rb:5:in ‘+’: no implicit conversion of Integer into String (TypeError)
from hw.rb:4:in ’'<main>’

Looks like we have an error! Seems like variablel and variable2 have different types so we can’t use '+’ on them.
Which is interesting for 2 main reasons

+ We did not get an error on line 3 when we change variablel from an Integer value to a String value
« there is no automatic conversion of integers to strings like we saw in Java

The first point is really important, but before we talk about it, let’s just modify our code so that it runs without any errors
by deleting line 3.

# programl-1.rb

variablel =5

variable2 4

variable3 = variablel + variable2
puts varable3

Now if we run our code we get a different error. We get 'undefined local variable or method ‘varable3’ for
main:Object (NameError)’. Notice that because we check everything during run-time, this error was not picked up
until ruby was about to execute it. Many bugs from beginner Ruby programmers is due to misspelled variable names. Here
is a more visual demonstration of run-time erring.

# programl-2.rb

variablel =5

variable2 = 4

variable3 = variablel + variable2

print variablel

print

print variable2

print # gross. We will learn to convert later

puts varable3 # still misspelled

If we run the above code, we get '5 + 4 = ' printed out and then we get the same "NameError’ as before. A error free
program would look like

# programl-3.rb

variablel 5

variable2 4

variable3 = variablel + variable2
puts variable3
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Now that we fixed this issue, we can talk about why we didn’t get an error on line 3 in programl. rb.

Notice that in the above code we set values to variables but we didn’t define the type like we did in Java and C. This is
because Ruby uses Dynamic type checking. Dynamic type checking is a form of type checking which is typically contrasted to
Static type checking. Type checking is an action that is used for a Type system, which determines how a language assigns a
type to a variable. Ultimately: How does a a language know if a variable isan int ora pointer? It does so by type checking.
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For the most part, you probably only used static type checking since both C and Java are statically typed. Static typing
means that the type of a variable, construct, function, etc is known at compile time. Should we then use a type in anincorrect
manner (as we did in programl. rb, then the compiler will raise an error and compilation will be aborted. Contrasted to
Dynamic typing which means that the type is only calculated at run-time. Consider the following:

# err.c

void main(){
int x;
X =

}

Should we try to compile this code with the -Werror' compile flag, we will get the following: 'error: assignment to
‘int’ from ‘char *’' makes integer from pointer without a cast’. Thisis because during compilation, the
compiler marks the x variable as having a type of int yet is being assigned a pointer.

Now how did gcc know that there was a type issue here? The first conclusion would be that we declared x as an int
explicitly on line 3. This is called manifest or explicit typing where we explicitly declare the type of any variable we create.
This is in contrast to latent or implicit typing where we don’t have to do this as we saw in ruby. It is important to note:
manifest typing is not the same as static typing. We will see this in OCaml as the language is statically typed, but uses latent
typing for its variables.

Back to Dynamic type checking, let’s look at the following:

# checking.rb
def add(a,b)

puts a + b
end

add(1,2)
add ( , )

To begin, this is how you create a function in Ruby. Functions begin with the def keyword and end with the end keyword.
We will go into ruby code examples later so for now just know this is a function that takes two arguments and then prints
the the result of @ + b. Since Ruby is dynamically typed, we don’t assign types to the parameters a and b until we run our
code, and not until we actually use the values. This allows us to call add with both Integers and Strings. Much like
before it is important to note that latent typing is not the same as dynamic typing.

In any case, you may be wondering Ruby knows the types of variables if we don't explicitly declare their types. The
process of deciding a type for an expression is called Type inference and we will go more in depth with this in the OCaml
section, but there are many ways that type inference can be done, and in fact you already saw one way with our err.c
program. We did not say that "hello" was a char * yet gcc knew because of the syntax of the datatype. The same holds
true for ruby. Integers are numbers without decimal points. Floats are numbers with decimal points. Strings are anything
put in quotes.? You can check this with the . class method. Did | mention that Ruby is object oriented?

2.3 Object Oriented Programming

You should be familiar with Object Oriented Programming (OOP) because of Java, however, unlike Java, everything is an
object in Ruby. Lets test this out.

# oop.rb
puts 3.class
puts .class

puts 4.5.class

"Canonically it will just raise an error and still compile
2We will see how ruby does this when we talk about parsing. In particular Project 4
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You can see that everything, including primitives, are object oriented. Also notice that like java, when calling an object’s
methods, we use the dot syntax. That means that earlier when we called a + b in add. rb, it was actually doing something
like a.+(b). Don't believe me? Consider the following:

# program2.rb

m = 3.methods

puts methods.include?(:+)
puts 3.+(4)

The Line 2 just gets the methods which the object '3’ has as an array. The Line 3 will then print out 'true’ because we
are asking if the array of methods includes the ’ :+' method. This is actually a symbol, but we will talk about that later. We
can then call the "+’ method on 3 adding it to 4 and we get "7’ as output. Pretty weird right?

Other properties of OOP also exist in Ruby. As we saw before, objects have methods, and this is the primary way that
objects interact with each other. Recall that Objects are instances of Classes so each Object has it's own state. This also
means that all values are references to objects (so be careful how you check to see if two values are equal). Additionally,
Ruby has an inheritance structure similar to Java. In Ruby, all classes are derived from the Object class.

# oop.rb
puts 3.class
puts 3.class.ancestors

a =

b =a

puts a.equal?(b) #true
puts a.equal?( ) #false
puts == #true

Object oriented programming in Ruby also means that we need some sort of value to represent the absence of an object.
In java it was called 'null’, in Ruby, we call it "nil’. nil actually is an object itself and has methods which you can use.

# nil.rb
puts nil.methods
puts nil.to_s

2.34 Class Creation
Let's make our first class

# square.rb
class Square
def initialize(size)
@size = size
end

def area
@sizex@size
end
end

s = Square.new(5)
puts s.area

There is a lot here, let’s break it down.
« Lines 1and 9 is the outline of the class. The name of the class is Square

« lines 2-4 is the Ruby equivalent to the constructor.
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« lines 3 and 7 use @size which is a instance variable

- lines 6-8 is a instance method

« Line 11 is the instantiating of the newly made Square class
« line 12 is calling the instance method

The Equivalent Java code if below.
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// Square.java
public class Square{
private int size;
public initialize(size){
this.size = size;

public int area(){
return sizexsize;

public static void main(String[] args){
Square s = new Square(5);
System.out.println(s.area);

}

Notice that the instance variable size is private which means if we wished to access it, we would need to make getters
and setters. We could do this by adding the following

# square-1.rb
class Square

# ...
# getter
def size
@size
end
#setter
def size=(s)
@size = s
end
end
# ...

Thisisannoyingto do for each variable we have so Ruby actually has a built in function to help us: attr_accessor Consider
the following:

# square- 2.rb

class Square
attr_accessor :size
# ... same as before

end

s = Square.new(5)

puts s.area

s.size= 6

puts s.area

puts s.size

If you wanted to use static or class variables, you just prepend the variable name with '@@"’. So if you wanted to count
how many squares were made, you could do so like so:

# square- 3.rb
class Square
@acount = 0
attr_accessor :size
def initialize(size)
@@count +=1
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@size = size
end
def count
@acount
end
# ... same as before

end

s = Square.new(5)
s2 = Square.new(6)

puts s.count

CHAPTER 2. RUBY

For class or static variables you need to initialize them and write your own getters and setters. You can also make static

methods by defining them in terms of the class. See below.

# counter.rb

class Counter
@@count =

0

def initialize()
@@count +=1

end

def Counter.counter

@@count

end
end

c = Counter.new

cl = Counter.new

puts Counter.counter

One other thing you may have noticed is that we did not use the common return keyword. This is because Ruby will return

whatever the last line in a function evaluates to. The following 3 methods all do the same thing:

# return.rb

def to_sl
S =
return s
end
def to_s2
S =
S
end
def to_s3
end
puts to_sl
puts to_s2
puts to_s3

Lastly, we stated earlier that classes are all derived from the Object class. This means we must have some form of

inheritance. It acts much like Java, the syntax is just different.

# inheritance.rb

class Shape
def to_s



O 0N O Ul

10

12
13

O 00N OV &~ W N A

=2 a2
N SO

O 00N O &~ W N A

oo
=]

O 00N OV &~ W N A

Y
=]

2.3. OBJECT ORIENTED PROGRAMMING

end
end

class Square < Shape
def to_s
super() +
end
end
puts Square.new

19

The above created two classes, Shape and Square. A Square is a subclass of Shape and so it inherits all its methods.
If we wish to override our parent’s method, we can certainly do so as seen in lines 9-11. If we wish to refer to the parent’s
method we can do so using the super method. In fact we can override any method, but method overloading is not supported.

We would get an error should be try to run

# overload-err.rb
class Square
def funcl(x)
puts
end

def funcl(x,y)
puts
end
end
Square.new.funcl(2,3) #fine
Square.new.funcl(2) #error

But we could do something like the following

# override.rb
class Square
def funcl(x)
puts
end

def funcl(x)
puts
end
end
Square.new.func2(1)

This can lead to some pretty interesting behaviour where we can add things to existing Classes. In the following example,

I am going to add a new method to the Integer class which just returns the double of the value.

# double.rb
puts 3.methods.include?(:double)

class Integer
def double
self + self
end
end

puts 3.methods.include?(:double)
puts 3.double



O 00N O U &~ W N A

- a4 2
w N 30

oUW N A

O 00N O &~ W N A

oo
=]

20 CHAPTER 2. RUBY

The self keyword is similar to java's this. It refers to the current object. We can also use this power of overriding
methods to break ruby

# break.rb
class Integer
def +(x)

end

def -(x)
self * x
end
end

puts 3+4
puts 3-4

If we run this in irb, it will crash, but if you save this as a file and run it, you get "Not Today’ followed by "12".

2.4 Code blocks

Okay, I'll be upfront. | lied earlier when | said everything is an object. Afaik there is only one feature of Ruby which is not
object oriented: codeblocks. If you took a look at Section 2.6 you will know that we can create an Array the following way:

a = Array.new(3, )
However, there is another way that you can initialize an array with a default value.
a = Array.new(3){ }

This is an example of a codeblock. Codeblocks are typically surrounded in curly braces({}) but can also be surrounded with
do ... end. Codeblocks are not objects so you cannot assign variables to them, nor can you call methods on them.
Additionally you cannot pass them into functions as parameters, nor can you return a codeblock as a return value. However
there is one important thing to take away from codeblocks: that we can treat code as data. Consider the following:

def func
if block_given?
yield
end
end
funcl {puts }

The yield keyword on line 3 tells ruby to pass control to the codeblock associated with the function. We can see this more
clearly in the following example:

def funcl
yield 5
end

def func2(i)
y = i+l
puts y
end

funcl {|i| puts 1 + 1}
func2(5)

Right off the bat, we should acknowledge that codeblocks can take in paramaters when yielded to, as seen on line 2. The
syntax for accepting arguments can be shown on line 10, where you suround the arguments in pipbars (|). Anyway, the two
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function calls on line 10 and 11 have similar behavior., The difference is that when using the codeblock, the parameter 5
is kept constant with the code being executed being variable on all calls of func1, whereas func(2) can take in a varaible
parameter, but the code executed will always be the same. Let's see this more clearly:

# similar
funcl {|i| puts 1 + 1}
func2(5)

#not similar
funcl{|i| puts i %2}
func2(6)

funcl{|i| Array.new(i)}
func2(3)

If you squint, you can consider this similar to passing in a function pointer in C and then calling said function. Notice that
control is passed to the codeblock on a yield and then returned when the codeblock finishes executing.

# codeblock not executed unless yield is called
def func3
puts
end
func3 {puts }

# control passed when yield is called
def func4
yield 1,2
yield 3,4
end
func4{|a,b| puts a + b}

Again, | will reiterate that codeblocks are not objects which means no passing them in as parameters or returning them.

# cannot do
def func5(1i)

yield i

return { puts } #cannot do
end
func5({puts }) # error

THere is however a workaround. They are called Procs. Procs create this thing called a closure which we talk about in
the OCaml sections. For now, just know that Procs allow us to store codeblocks inside an object.

p = Proc.new {puts }
puts p.class

Because procs are objects and not a codeblock, you cannot yield to them, but there are methods you can call from a proc. To
execute the code stored in a proc, we can use the . call method. Much like a codeblock, the body of a proc is not executed
until the call method is called

def funcé6(p)
p.call
p.call
end
p = Proc.new {puts }
func6(p)

Procs can also take multiple arguments, and afaik, unlike codeblocks, can be nested in eachother. For example



0N OOV~ W N A

O 00N O U &~ W N A

N
;@ N O

O 0O OV B~ W N A

22 CHAPTER 2. RUBY

def func7(x)
p = Proc.new {|y| Proc.new {|z| x +y + z}}
return p

end

a

func7(1)
b a.call(2)
C b.call(3)
puts ¢

Because Procs are objects, we can do some fun things:

def map(arr, func)
for value in arr
puts func.call(value)
end
end
map([1,2,3,4],Proc.new{|i| i + 1})

def execute(arr)
for func in arr
func.call
end
end
funcs = [Proc.new{puts }, Proc.new{puts }, Proc.new{puts }1
execute(funcs)

2.5 Modules

Now that we talked about the one thing that is not object oriented, let's go back and talk about one issue with object
oriented programming in Ruby (and Java): inheritance restrictions. In these languages, we have the feature of inheritance
but we can only have one parent class which is not entirely feasible. In java we got around this with interfaces. In ruby, we
can use modules.

Let's write our first module and then we can see how to go about using it:

module Doubler
def Doubler.base
2
end

def double
self + self
end
end

This module has both a static and an instance method. The syntax for this module is similar to Ruby's Class creation. We cre-
ate static methods with the <Classname>. <method> syntax and create instance methods using the common def. . .end
keywords. There are a few things to note about Modules that make them different from classes:

« Modules cannot be instantiated
« Modules use the module keyword instead of the class keyword
« cannot be extended like a class

That's it. Pretty simple. We cannot extend modules but we can still overwrite them; But we are getting ahead of ourselves.
Let’s just first see how we use them.
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class Integer
include Doubler

end

puts 10.double

Here we are adding the Doubler module to the Integer class so any integer now has access to the doubler method. We
can also do things like

puts Doubler.base
puts Doubler.class
puts Doubler.instance_methods

But because we cannot instantiate we cannot do

Doubler.new
Doubler.double

The only thing that may be confusing with Modules is when it comes to overwritten methods. Consider the following:

module M1
def bye

end
end

module M2
def bye

end
end

class C
include M1
include M2

end

puts C.new.bye

In this case, we load modules in the order we include them so M2 has the last instance of defining bye so M2's bye method
will be called. Had we swapped the order:

class C
include M2
include M1

end

Then M1's bye method would be called instead. If we had an instance method in the C class, then we would call C's bye
method.

class C
include M2
include M1

def bye
end

end

Typically the order in which something is called is by first looking at self, then the self’s modules, then the parent’s instance
methods, then the parent’'s modules, then the grandparent’s instance methods, then the grandparent’s modules, etc. We
can see that here:
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module M1
def bye

end
end

module M2
def bye

end
end

class C
include M1
end

class D < C
include M2

end

puts D.new.bye

If you are ever unsure of the order, you can always use the .ancestors method.

puts D.new.class.ancestors
# [D,M2,C,M1,0bject,Kernel,BasicObject]

There is one important thing to note: once something is loaded, it will not be loaded again.

class C
include M2
include M1

end

class D < C
include M2

end

puts D.new.bye

Some Modules we have kinda seen before, namely the Comparable and Enumerable modules. Any Class that includes
the Comparable module supports <.>,<=,>=, = operators. Classes that include the Enumerable allow things like map
and select.

2.6 Data Types and Syntax

That is pretty much all you need to know about Ruby for this course for now. All that's left is to go over syntax of data types
and other things

2.61 Numbers

There are two common types of numbers: Integers and Floats. An Integer is a positive or negative integer value
without a decimal point. A Float is a positive or negative value with a decimal point and at least one digit on either side
of said point. When performing operations between the same types, the resulting value is the same type. When performing
an operation which involves a Float, the resulting value is typically also a Float. For some reason, Ruby also allows you
to use an underscore as a separator. Maybe for readability?

# numbers.rb
-1 + 1 # addition between Integers
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6.5 % 1.2 # modulus between Floats

2. # not valid for floats
.1 # also not valid

3.0/2 # will result in a Float

1_000_000 == 1000000 # true

2.6.2 Stings and Symbols

Strings in ruby are anything in-between double or single quotes. Since things are Objects in Ruby, Strings follow structural
equality, but not physical equality. You can nest single and double quotes if you want to print one or the other.

# strings.rb

== # true
.equal?( ) # false

Symbols on the other hand are special strings, but only one of each symbol exits meaning they are physically equal.
Since they are physically equal, they are also structurally equal. A symbol can be any valid string but is written witha ’: "’
in the front. You can add quotes if you have a multi-word symbol. We have seen symbols when using attr_accessor and
.methods.

# symbol.rb
.equal?(: ) # true
.equal?(: ) # true

.equal?(:string) # true

2.6.3 Arrays

Arrays use the very common bracket syntax for both creation and indexing. Unlike in most languages, arrays can be hetero-
geneous which is nice. Ruby arrays also support dynamic sizing and set operations. Any value not initialized because nil.
One important thing to note is that when dealing with n-Dimensional arrays, you must always have the previous dimension
declared.

# arr.rb

# creating

arr = []

arr = [1,2,3,4]

arr = [1,2.0, ]

arr = Array.new(3) # [nil,nil,nil]

arr Array.new(3, ) # ["a","a","a"]
# indexing

a=1[1,2,3,4]

puts a[0] # 1

puts a[-1] # 4

# dynamic sizing
arr = [1]
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arr[4] =5
puts arr # [nil,nil,nil,nil,5]

# set stuff

a [1,2,3,4,5]

b =14,5,6,7,8]

puts a+b # [1,2,3,4,5,4,5,6,7,8]
puts alb # [1,2,3,4,5,6,7,8]
puts a&b # [4,5]

puts a-b # [1,2,3]

#adding and removing

a=1[1,2,3]
a.push(4)

puts a # [1,2,3,4]
a.pop

puts a # [1,2,3]
a.unshift(0)

puts a # [0,1,2,3]
a.shift

puts a # [1,2,3]
a.delete_at(1)
puts a # [1,3]
a.delete(3)

puts a # [1]

a2d [1[] # error
a2d = []

azd[o] = []

puts a2d # [[]]

# you can also use a code block

a2d = Array.new(3){Array.new(3)} # create a 3x3 matrix
puts a2d #[[nil,nil,nil], [nil,nil,nil], [nil,nil,nil]]

CHAPTER 2. RUBY

Unlike some languages, Hashes are built into Ruby. This means you don’t have to make your own hashing mechanism or
hash function (though you should if you are doing this for security purposes). Ruby uses the common curly brace syntax for
creation and the bracket syntax to index. If a key does not exist in the hash, it is automatically mapped to nil. You can change
the default hash if you want. Hashes in ruby are very much like arrays, except instead of mapping numbers (or indexes) to
values, you can map anything to anything. That is to say, keys do not have the be the same amongst each other and the
same for values. Keys and values also do not have to have the same type. Like Arrays, when dealing with n-Dimensional

arrays, you must always have the previous dimension declared.

# arr.rb

# creating and indexing
h ={}

h = {"key" => :value,}

h = Hash.new

puts h['key’] # nil

h = Hash.new(:default)
puts h['key’'] # :default

# adding
h ={}
h[’keyl’] = :valuel
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puts h # {'keyl'=>:valuel}
h.delete( )
puts h # {}

# Multi-dimensional Hashes
h = {}

hi{o] = {}

h[0][0] = 4

h2 = {}

h2[0]1[0] = 4 # error

2.6.4 Control Flow

The most simple version of control flow is the if statement. You should know what an if statement is by now so | won't
discuss what they are or how they work. Instead lets talk about the bigger class of statements: control statements. Control
statements control the flow of program execution; More specifically they alter which command comes next. There are
several in Ruby: if, while, for, until, do while the main ones, but most people just use the first 3. For those
that have a boolean check, 'true’ is anything that is not ' false’ or 'nil’. 'nil’ is like null, it is used for initialized
fields. however, "nil’ is an object itself of the NilClass. 'true’ and 'false’ are also objects of TrueClass and
FalseClass respectively. Note:FalseClass and NilClass do not evaluate to false. Consider the following:

# conditional.rb
count =1
while count >= 0
if 3 > 4 then # then is optional
puts hello
elsif nil
puts
else
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if count ==
puts FalseClass
end

puts NilClass == false

end
count -=1
end

You should run this code to see what happens but but here are 3 important things

- online 5, hello is an undefined variable but Ruby never catches this. Since Ruby is dynamically typed, this bug goes
unnoticed.

- instead of elseif or else if,ruby useselsif.Why, | have no idea. Thisisa common bug
+ the end keyword is commonly used whenever you would otherwise use } in other languages

You can read more at the Ruby Docs.


https://docs.ruby-lang.org/en/3.0/syntax/control_expressions_rdoc.html
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Chapter 3

Python

Python Comments are #great

KLiff

The Python programming language was created by Guido Von Rossum many moons ago around the 1980s with its first
release in 1991. Since then, there have been various changes to the language, some of which are interesting and others which
are not as interesting. It was named after the British comedy group Monty Python. For some buzzwords, we can say Python
is a high-level, dynamically typed, garbage-collected, primarily imperative programming language. You may also hear the
terms "duck typing", "scripting", and "interpreted". What do all of these weird terms mean? | am sure someone knows.

If you want to follow along through this chapter, you can run the files with python file.py. Alternatively, you can
also use the repl (Read-Eval-Print-Loop). Just type python in your terminal. (At the time of writing, | am using python 3.8)

34 Introduction

Unlike the previous languages you have seen in 131/132 and 216, Python does not use a compiler, so no machine code is
generated. This means that compile-time checks do not exist. This basically means that every check or error is done during
run-time. I'll expand more on this in a bit, but for now, let's write our first Python program.

# hello_world.py
print( )

Despite this being very simple, we've already learned several things.
« Single-line comments are started with the pound or hashtag symbol
+ no semicolons to denote the end of the statement (what does this imply?)

« print is used to print things out to stdout

functions use parenthesis (weird we need to say this)

« python file entension is . py

+ Strings exist in the language (most languages have them, but some do not)
Can you think of more?

Now to run our program we can just use

python hello_world.py

Congrats, you have just made your first program in Python!

29
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3.2 Typing

Now we just said that Python does not use compile-time checks, and all checks and errors are done at run-time. Let's see
this in action.

# programl.py
variablel = 5

variablel =

variable2 = 4

variable3 = variablel + variable2
print(varable3)

Here is a simple program that sets some variables, adds two things together, and then prints the results. This looks weird,
but first, let's run and see what happens, and then we can look at the syntax.

python program1.py
TypeError: can only concatenate str (not "int") to str

Looks like we have an error! Seems like variablel and variable2 have different types, so we can’t use '+’ on them.
This is interesting for 2 main reasons:

« We did not get an error on line 3 when we change variablel from an Integer value to a String value
« There is no automatic conversion of integers to strings as we saw in Java

The first point is really important, but before we talk about it, let’s just modify our code so that it runs without any errors
by deleting line 3.

# programl-1.py

variablel = 5

variable2 = 4

variable3 = variablel + variable2
print(varable3)

Now if we run our code, we get a different error. We get 'NameError: name ’varable3’ is not defined’. Notice
that because we check everything during run-time, this error was not picked up until Python was about to execute it. Many
bugs from beginner (and experienced) Python programmers are due to misspelled variable names. Here is a more visual
demonstration of run-time erring.

# programl-2.py

variablel = 5

variable2 4

variable3 = variablel + variable2

print(variablel,end="") # no new line when printing. What can you infer about this?
print( ,end="")

print(variable2,end="")

print( ,end="") # gross. We will learn to convert later

print(varable3) # still misspelled

If we run the above code, we get ’'5 + 4 = '’ printed out, and then we get the same "NameError’ as before. An error-free
program would look like

# programl-3.py

variablel = 5
variable2 = 4
variable3 = variablel + variable2

print(variable3)

Now that we fixed this issue, we can talk about why we didn’t get an error on line 3 in programl. rb.
Notice that in the above code, we set values to variables, but we didn’t define the type like we did in Java and C. This
is because of Python’s type system. A language’s type system determines how data and variables can be used. Some key
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words that may describe a type system could be dynamic vs static or manifest vs latent. You may also hear of type safety
and strong vs weak. To determine how data and variables must be used, rules are made and enforced by what is typically
called a type checker. Ultimately: How does a language know if a variable or piece of data isan int or a pointer? It does
so by type-checking.

Python uses both dynamic and latent typing in its language. Dynamic type checking is a form of type checking which
is typically contrasted to Static type checking. For the most part, you probably only used static type checking since both
C and Java are statically typed. Static typing means that the type of a variable, construct, function, etc is known before
the program runs. It can also be said that type checking is run at compile time. Should we then use a type in an incorrect
manner (as we did in programl.py), then the compiler will raise an error and compilation will be aborted. Contrasted
to Dynamic typing which means that the type is only calculated at run-time. (Since Python has no compiler, it cannot be
statically typed). Consider the following:

# err.c

void main(){
int x;
X =

}

Should we try to compile this code with the -Werror' compile flag, we will get the following: 'error: assignment to
‘int’ from ‘char *’ makes integer from pointer without a cast’. Thisis because during compilation, the
compiler marks the x variable as having a type of int, yet it is being assigned a pointer.

Now, how did gcc know that there was a type issue here? The first conclusion would be that we declared x as an int
explicitly on line 3. This is called manifest or explicit typing, where we explicitly declare the type of any variable we create.
This is in contrast to latent or implicit typing where we don’t have to do this as we saw in python. It is important to note:
manifest typing is not the same as static typing. We will see this in OCaml as the language is statically typed, but uses latent
typing for its variables.

Back to Dynamic type checking, let’s look at the following:

# checking.py
def add(a,b):
print(a + b)

add(1,2)
add ( , )

To begin, this is how you create a function in Python. Functions begin with the def keyword, and the body will always be
indented. We will go into Python code examples later, so for now, just know this is a function that takes two arguments and
then prints the result of a + b. Since Python is dynamically typed, types aren’t assigned to the parameters a and b until
we run our code, and not until the values are actually used. This allows us to call add with both Integers and Strings.
Much like before, it is important to note that latent typing is not the same as dynamic typing.

In any case, you may be wondering how Python knows the types of variables if we don’t explicitly declare their types.
The process of deciding a type for an expression is called Type inference and we will go more in-depth with this in the OCaml
section, but there are many ways that type inference can be done. In fact, you already saw one way with our err. c program.
We did not say that "hello" was a char =, yet gcc knew because of the syntax of the datatype. The same holds true for
Python. Integers are numbers without decimal points. Floats are numbers with decimal points. Strings are anything put in
quotes. You can check this with the type function. For instance, try type ("hello").

3.3 Python Scoping

When we think of a scope, we think about where in the code can we use something, whether it be a variable or a piece of
data. Consider the following:

"Canonically it will just raise an error and still compile
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# scoping-1l.py
a=>5
b =20
def h(c):

d = True

e=0

while d:

if c<b - c:

d = False
return e

f = input( )
print(h(int(f)) + a)

While this program has a ton of new syntax that we have not seen in python before, | believe we can take a look at this
program, take a few notes, and make some hypotheses about some things we can and cannot do in python. You can check
if your hypotheses are correct in the syntax part of this chapter 2.

In any case, we can ask ourselves: where can each variable be used? Do you believe you could use a from lines 2 -
16? Can ¢ be used outside of lines 4 - 13? While these questions may have somewhat intuitive answers based on your past
programming knowledge, you then have to consider: why does asking this question matter?

Consider the following:

# scoping-2.py
=5
b =20
def h(a):
d = True
e =0
while c:
ifa<b - a:
a=a+1

Q
|

c = False
return e

f = input( )
print(h(int(f)) + a)

Here, | changed a variable name, and we now need to consider the scope of the a variable and if this impacts the outcome
of the program. In this case, no change to the program occurs, but what about something simple like the following?

# scoping-3.py

a=>5

def h():
print(a)

h()

2Whenever you learn a new language, a great way to pick it up quickly is to analyze a snippet of code and mark down what you think everything is doing.
Then, make a hypothesis about what you think the code will do, and then run it. You will either affirm your assumptions and enforce your belief about
how the language works, or you get something you did not expect. When this happens, this means there is a gap in your knowledge. You can now make
assumptions about why the outcome occurred and what you didn’t consider. The best thing to do here is to modify the code, make a new hypothesis, and
continue this process to learn more. For example: | see that True and False exist and are capitalized here. | have two hypotheses: 1: booleans exist in
the language. 2: You must capitalize true and false in the language. Now to test this: a simple type(True) tells you this is of type bool, which means
python calls them bool and not boolean. Additionally, type (true) gives an error, which affirms the hypothesis that bools must be capitalized.



SO W N A

SO Ul BW N A 0N OVl &~ W N A N OB W N A

N OB W N A

3.3. PYTHON SCOPING 33

Where can we use the a variable? If | modify this just a tad bit more:

# scoping-4.py

a=>5

def h():
a=a+1
print(a)

h()

What does your intuition say? What does python scoping-4.py say? In this case, we get an error! Wild. Why is this?
Typically, global variables are used throughout the entire program, and if one part of the program can modify that
variable, it would impact other parts of the program that use that variable. Thus, making global variables read-only is good
practice. In this case, they are typically called global constants, or just constants. Since Python doesn’t need a main function
(but it can have one), any variable defined outside a function is global by default.
If we wish to modify a global variable, we can do so using the global keyword.

# scoping-5.py

a=>5

def h():
global a
a=a+1
print(a)

h()

So what happens if we have a local and global variable of the same name, like we did in scoping-2.py? Can we edit the
global variable and not the local one?

# scoping-6.py
a=>5
def h():
a=>5
global a
a=a+1
print(a)
h()

Here we get an error: a python function seems to only be able to deal with either a local variable or a global variable,
not both. But notice the wording of the error message: "name ’'a’ is used prior to global declaration". This
seems to imply that you can declare a global variable inside a function?

’

# scoping-7.py

def h():
global a
a==6

h()

print(a)

This also seems a bit counterintuitive from what we know of our past experience with programming languages. Nonetheless,
this is how Python operates, and we must keep this in mind if we continue to use this language. These scoping rules also
seem to impact what functions refer to.

# scoping-6.py

a=>5

def h():
print(a)

(

i <) B

)
=6
()
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Notice here that this prints 5 and then 6. Not all languages have this behavior (like OCaml), and this becomes important
when we talk about closures.
Consider the following and think about what this means when designing python programs:

# scoping-7.py
if True:

b=>5
else:

b==56
print(b)

3.31 Nested Functions
In the same vein as scoping, we can define functions within other functions.

def outer_func(a):
def inner_func(b):
return a + b # can access ’'a’ in the inner scope
# could not access 'b’ here in outer scope
return inner_func(4)

1o

print(outer_func(5)) # prints 9

The inner function here can access all variables in the outer_func scope, but the reverse is not true. A common use case
of this is when using higher order programming (a future chapter).

3.4 Object Oriented Programming

Python supports the Object Oriented Programming paradigm, which means we can use some of our java knowledge when
working with classes. Let's first look at our syntax though:

# poop-1.py python object oriented programming
class Square:
def __init__(self, size):
self.size = size

def area(self):
s = self.size
return s x s

s = Square(5)
print(s.area())

What looks new to you here? Perhaps some things to note:
« class keyword looks similar to java
+ __init__ must be a constructor of some sort
« self is a parameter and seems to be similar to java's this
« no new keyword when making a new object
« methods are defined inside the body of the class

+ methods are called using the dot (.) syntax
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« Much like functions, it seems like indentation matters here. We said earlier that the body of a function will always
be indented. Additionally, we said there were no semicolons. Notice there are also no brackets either. This means
Python must need some other way to figure out which lines of code are associated with each other. In this manner,
new lines and indentation matter quite a lot in Python.

Noticing these things may raise some more questions. What happens if we want to inherit from a parent class? How
exactly does self work? Is there a default toString() method?
To inherit from another class, we need to add a parameter to the class declaration:

# poop-2.py python object oriented programming
class Rectangle:
def __init__(self,width,height):
self.width = width
self.height = height

def area(self):
return self.width * self.height

class Square(Rectangle):
def __init__(self,size):

super().__init__(size,size)

def __str__(self):

return + str(self.width) + + str(self.height)
r = Rectangle(4,5)
s = Square(5)

print(r.area())
print(s.area())

Notice there is a built-in toString method called __str__, and it can be overwritten. Notice that super is still a
thing, and we can use it to call the parent’s constructor. Lastly, notice that self is not explicitly passed in, but you can use
it to refer to the current object’s attributes.

3.5 Syntax

Here are just basic syntax things for the python language. At the end of the day, a for loop is a for loop, an array is an array.
These are just simple syntax notes about these things. | will say that most languages will always have something of the
following:

+ Built-in data types/structures

« Control flow structures (for, if, while, jmp)
+ 1/0 (print/read)

- variable assignment and manipulation

- functions

+ comments

Knowing the syntax is important to learning a language, but it is also important to know the lingo a language uses. For
example, Python does not have booleans, but rather they have boo'ls. This may be pedantic and may sound pretentious
to some (which is not entirely false), but consider:

# syntax.py
def f(x):
if type(x) == bool:
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return 3
else:
return 4

Having line 3 be if type(x) == boolean would fail due to boolean not being something in the python language. Just
keep this in mind as you learn more languages.

3.51 Data Types and Structures

Python has a few common data types built into the language. The typical suspects consist of ints, floats, bools, and
strs. What may be shocking is that there is no char type in Python. Some examples:

1 # int
1.2 # float
1.5 % 2 # float
7//2 # int
7/3 # int
int(1.5) # int
"hello" # str
len("hi") # int
"a" + "pb" # str
"na"*15 + "batman" # str
True or False # bool
True and False # bool
not False # bool

From previous languages, we are (hopefully) familiar with arrays and hashmaps. In python, we have lists and dictionaries.
They also support tuples and sets(!).

a=1[1,2,3] # list

[1,"hi",Truel] # list

sorted([3,2,1]) # list

alo] # returns 1

al-1] # returns 3

a.append(4) # list becomes [1,2,3,4]
all:] # returns [2,3,4]

al:2] # returns [1,2]

al[l:3] # returns [2,3]
all:3:-1] # returns [3,2]

al::-1] # returns [4,3,2,1]
[1,2,3] + [4,5,6] # returns [1,2,3,4,5,6]

a = {"key":"value",1:True} # dict

al"key"] # returns "value"

alll # returns True

(1,2) # tuple

(True, "Hello") # tuple

(True,2.4,"hi") # tuple

{1,2,3} # set

{1,2,3,3} # set that is just {1,2,3}
{"hi",1,False} # set

3.5.2 Control Flow

Itis always helpful to be able to control the order in which commands are executed, conditionally or unconditionally. In fact,
it is one of the requirements for Turing completeness (something covered in a later chapter). The classic types of control
statements are looping constructs and conditional execution (if, else).
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Some looping constructs:

# conditional
if 3 > 4:
print("False")
elif 4 > 5:
print("Also False")
else:
print("True")

# while loop
a=20
while True:
if a % 3 == 0:
print("three")
elif a % 2 == 1:
continue
elif a % 4 ==
break

# for loop

for x in ["a","ab","abc"]:

print(len(x))

for x in range(3):
print(x)
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Chapter 4

Regular Expressions

[A-Z][a-z]+\d{4}

Chatbot+9000

Despite Regular expressions being something that is language independent, you will need to know how to use them
in a language, and since this is taught in the Ruby section of the course, we will be learning how to use Ruby’s regular
expressions. There will then be a smaller section on how to use them in OCaml, but that's more syntactical than anything
really substantive. Regex comes from the theory related very closely to finite automata which is a later chapter so for now
we will do just the basics and a surface level of the topic here.

41 Introduction

For those that do not know, programs live in RAM on the machine. Since RAM is wiped everytime you power down your
machine’, programs and program memory is designed to live short term. For long term storage, we need to use hard drives,
since what is written to a hard drive is saved for a much longer period of time. When we write to the hard drive we typically
do this by writing a file and saving it.

One defining feature of the UNIX family is the idea that everything is treated as a file, and for the most part, this works
fine since everything that is stored is stored as a file. We have various file types and file descriptors but ultimately whenever
we need to save data for long-term storage, we save it to a file (which ultimately is just a segment of bytes in memory). This
also means that whenever we need to load something from storage, we need to open up a file and read from it.

Opening a file and getting the data from it is the easy part. The hard part is to try and parse and make use of the data.
Typically from a coding perspective, you open a file, read from it and then have a string of data. Being able to properly and
efficiently parse this string is what loading typically is. Examples of this is reading a save file for a videogame, loading an
image from a . png file, loading settings from a config file. Regardless reading and parsing strings is important, but can be
hard to do.

Many would think that if you are trying to read certain data from a string, that methods that deal with strings is the
solution. If I loaded a configuration file and wanted to know if | had to set a value to "true’ then | would probably want to
check if the string has a subtring of 'true’. This is certainly one way to solve this problem, but it soon gets very inefficient
with large amounts of data. The solution to some of our problems here is Regular Expressions, or more commonly known
as RegEx.

4.2 Regular Expression Basics

At a basic level, a Regular Expression is a pattern that describes a set of strings. At a deeper level, a regular expression
defines a regular language, a language which can be created from a finite state machine. A finite state machine will be
covered in a later chapter as well. For now however, we can think of regex as a tool (or library) used to search (and extract!)
text.

for the most part. There is always the Cold Boot Attack
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When we wish to define a pattern to describe a set of strings, there are a few things that we must consider.

« An Alphabet - An Alphabet is the set of symbols or characters allowed in the string. If our set of strings are for English
words, we would have a different alphabet than one that describes a set of mandarin strings.

+ Concatenation - Since most strings are longer than a single character, we will need some way to demonstrate the
concatenation of single characters to create longer strings.

Alternation - Being able to say one thing or another. We could say that any non-empty set is a union of 2 other sets.
So | want to say that a string in set S is in either S; or S, where {S1, S»} is a partition of S.

Quantification - The thing about patterns is that repeat. So if | want to have a pattern, then | need to allow for
repetition.

« Grouping - Ultimately not something that is the basis of regex, but is helpful in giving precedence to the above.

We will talk more about all of this in a future chapter.

4.3 Regular Expression In Ruby

Now that we have an idea of what regular expressions are, let us see how we can use them in ruby, and what type of patterns
we can create. Ruby and many other language support the POSIX-EXT standard of regular expressions which is what we will
be going over here. Let's start out on just making our first pattern. Much like Strings denoted with single or double quotes,
and arrays with the [] symbols, and hashes using {}, patterns are surrounded by the forward-slash: /.

# regex.rb
p = /pattern/
puts p.class #Regexp

Here is the very first example of a valid regular expression pattern. This pattern is the string literal 'pattern’. That
is, this pattern describes the set of strings that contain the substring 'pattern’. Not a very fun pattern, but a pattern
nonetheless.

But Great! We have a pattern. Now how do we use it? There are 2 main ways that | know of, one of which | like and the
other | do not. We will go over the latter because it is easier version and my reason for not liking it it petty. Suppose we
have our earlier pattern.

# regex-1.rb

p = /pattern/

if p =~ then
puts

else
puts

end

If everything goes as planned, running this file will have "Matched" printed. Why does this happen? = is a method
associated with Regexp objects which take in a string and returns an integer or nil depending on if the pattern can be found
anywhere in the string. If the pattern is found, it will return the index of the first character of the first instance of the pattern.

Regex Syntax

Ultimately this pattern is not fun nor interesting so let's take a look at other patterns and what they match. POSIX-EXT
standard (and Ruby) regular expressions have the following pattern description/syntax.

« Ranges: To talk about accepting a range of characters you can use the following: /[a-z]/. This particular example
means accept a lowercase letter from a through z. You can of course modify this for uppercase: /[A-Z]1/, digits:
/[0-91/, or smaller ranges /[A-F]/. Ultimately any ascii range works: [!-&]. It is important to note that this will
only match a single character.
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Concatenation: we already saw this but if /[a-z]/ matches a single character then /[a-z] [a-z]/ will match two
consecutive lowercase letters. Technically /pattern/ matches the seven character literals 'p’, 'a’, 't, 't} 'e’, ’r, 'n’ in a
row.

Union: To match string that may have alternative spellings, you may use the union character: /ste(v|ph)en/. This
may be useful for alternative spellings. Be careful because the scope of the union operator goes until a parenthesis
or the beginning or end of the regex. That is, /abc|def/ will match either "abc" or "def" whereas /ab(c|d)ef/
will match either "abcef" or "abdef". If you have many things being unioned together, you can use the bracket syntax.
[/[aeiou’/] will matchthesamestringsas /a|e|i|o|u/. Technically /[a-z]/isshorthandfor/a|b|c]|...|y]|z/
or/[abc..xz]/. This also means you can combine ranges. /[a-zA-Z0-9]/ will match any alphanumeric character.

Repetitions: A pattern is typically thought as something repeating so of course there is a repeating operation. There
are three types of repetitions that are supported:

- 0 or more times: Represented as a *, this is placed to say that the previous pattern can occur 0 or more times.
For example: /0% [0-9]/ could match any single digit number with any number of preceding zeros. (eg. "0001",
"2" "00", "0", "00000000009" would all be matched).

- 1o0r more times: Represented as a +, this is placed to say that the previous pattern can occur 1 or more times.
For example: /[0-9]+/ would match any number > 0. (eg. "o", "1", "10", "123""'54234543" would all be matched).

- Exact or bounded repeats: Represented as {x}, {x,y}, {x,},{,y} you can make sure than a certain of num-
ber of repeats occurs. For example /[0-9]1{2}/ matched only 2 digit numbers like "00,"20""99". 0-91{3,}
will match any number of at least 3 digits, whereas /[0-91{, 3}/ will only match numbers that have at most 3
digits. Lastly /[0-91{2, 3}/ will match numbers of only 2 or 3 digits. These bounds are inclusive.

- 0 or 1 repeats: Represented as ?, this will check if the pattern is there or not. For example /-?[0-9]+/ will

match positive or negative integers.

It is important to note that all of these modifiers only apply to the immediately preceding pattern. That is to say
/cliffx/ and /(cliff)*/ will match different things. You can use parenthesises if you wish to extend the scope of any
of these operators.

Negation: If you want to say anything but a specific character, you can do so in the brackets with the carrot symbol.
For example /[~b][a-z]+/ says any word at least 2 characters long that does not start with the letter 'b".

Wild card: Represented as ., this will match any character. That is, despite how it looks, the pattern /[0-9].[0-9]1{2}/
would match on both "3.30" and "3:30".

Capture Groups: see next page.

If you wish to use any of these special characters as a literal, you can escape them in the regex. That is, to actually match a
float with 2 decimal places you can do so with the pattern /[0-9]+\.[0-9]1{2}/.
Additionally, using the = method will search the entire string for a match. If you wish, you can make sure that it starts

matching at the beginning of the string with the

A

operator or the end of the string with the $ operator. Consider the

following:

# regular_expressions.rb

if /"where/ =~ then
puts

end

if /where$/ =~ then
puts

end

if /where/ =~ then
puts

end

Here the only thing printed is Matched somewhere in the string.
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Capture Groups

Now that you can check to see if a string matches a pattern, we can move onto the more useful part: extracting out parts of
a string. Suppose that you are given phone number such as (301) 405-1000°. If you just need the area code, | suppose you
could do something like phone_number[1..3]. But what if you have a text file of phone numbers that look like

(111)-111-1111
222-2222222
3333333333

Then we would need to use a pattern to match what each line could be, and find a way of extracting the area code. Regex
makes this easy by having you surround the pattern you wish to capture with parenthesis. Consider the following:

# capture.rb

pattern = /([0-9]1{3})-[0-91{7}/

if pattern =~ then
puts $1

end

By placing the area code in parenthesis, regex knows to store the string that matches the pattern /[0-9]13/. Now where
does regex store it? For Ruby, they are stored in top level variables which can be accessed with the $. So $1 referes to the
first capture group. If you had multiple capture groups like /([0-913) - ([0-9]7)/ then $2 would refer to the next captre
group and so on. | am unsure how many capture groups can exist with this method.

One thing to be careful about is the fact that parenthesis are also used for scoping of things like the * operator so those
are also captured. Capture groups are ordered by when the opening parenthesis occurs so you can nest capture groups like
so: /(([0-9]1)[0-9]12)-[0-9]7/.

# capture-1.rb
pattern = /(([0-9]1)[0-9]1{2}))-[0-9]1{7}/

if pattern =~ then
puts $1
puts $2

end

This will print out 123 and then 1. One other important thing to note is that whenever the = method is called, then these
top level variables $1, $2, etc, are all reset. This is the main reson as to why | do not like this method of matching patterns
despute how easy it is.

The way that | prefer to match patterns is by using the match method. This instead returns an array of all matched
groups (if any) which means | can store the results to a variable and refer to them later and not worry about data being
wiped. That's it, the only reason why I do not like the previously described method.

You can actually test and see what is accepted and captured using this fun online tool called http://rubular.com.
That or you can play around with the following code segments and see what happens.

# capture-2.rb
pattern = /[A-Z]1[A-Z]x/
strs = ["a", , , ]
for test_string in strs
if pattern =~ test_string
puts
else
puts
end
end

#what if the pattern and test strings are as follows:
pattern = /a[A-Za-z]?/
strs = ["a", ) ]

2This is the university’s phone number
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pattern = /~al[A-Za-z]?$/
strs = ["a", , ]

pattern = /axbxcxdx/ # how is this different from /[a-d]/ ?
strs = [ ) ) ) ) ]

pattern = /~(..)$/
strs = [ , ) ) ) ]

# an even number of vowels
pattern = /~([~aeiou]*[aeiou] [~aeiou]*[aeiou] [~aeiou])*$/

4.4 Regular Expression In OCaml

//Tobo
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Chapter s

OCaml

We will do so much Ocaml, you could
call it Ocamlot

Cleff

This is a programming language chapter so it has two (2) main things: talk about some properties that the OCaml
programming language has and the syntax the language has. If you want to code along, all you need is a working version
of OCaml and a text editor. You can check to see if you have OCaml installed by running ocaml -version. At the time of
writing, | am using Ocaml 4.14.0. ocaml is repl which you can use to play around with OCaml but please use utop. It's a
wrapper for ocaml and is much easier to use.

54 Introduction

OCaml will probably look (and act) unlike any other language you have come across in the CS department up to this point.
This is due to one key difference: OCaml is a declarative programming language, opposed to an imperative language. We
will talk about this all in the next section, but for now let's just write our very first program.

(* helloWorld.ml =)
print_string

Despite this being very simple, we observed five (5) things.
« Comments are surrounded by (* ... *)
* no semicolons to denote end of statement”
« print_string is used to print things out to stdout
« Parenthesis are optional when calling functions®
+ OCaml file name conventions are camlCase.ml
+ Strings exists in the language (most languages do, but some do not)

Now you may have noticed the * symbol over point 2 and 4. That is because these observations are actually False. Or at
least, not entirely true. For now though, let’s just roll with it. In order to have the above code run, you can run

ocamlc helloWorld.ml
./a.out

Congrats, you have just made your first program in OCaml! There are some things to note however:

« OCaml is a compiled Language

45



46 CHAPTER 5. OCAML

+ ocamlc is the ocaml compiler (some compilers like to take the name of the language and add 'c’ to the end: javac,
ocamlc, rustc).

« If you run an 1s you will notice that along with the executable a.out, two other files were generated as well,
helloWorld.cmo and helloWorld.cmi. The .cmo is the object file and can be thought of as analogous to the
.0 file generated by gcc. The cmi file is the interface file and can be thought of as analogous a compiled down . h file
inc.

« ocamlciswrapped in a nice program called dune. dune will allow you to compile, run, and test your OCaml programs
without much overhead. We use dune to help manage your projects.

5.2 Type System

As mentioned in the python/ruby chapters, a type system dictates the how data is treated, along with what you can do with
certain pieces of data. To recap, let's first talk about type checking.

Type checking is the process of determining what a piece of data’s type is. Should the bitstring ©100000101000001 be
treated as a string and have the value of "AA" or should it be treated as an int with the value of 16705? Addittionally, when
should this checking occur? At compile time? Runtime? Different type systems have different answers to these questions.
Let's first start with then when.

Static typing is something you are familiar with from Java and C: type checking is done at compile time. In Python or
Ruby where there is no compiler’, type checking is done at runtime. This is called dynamic typing. Static and Dynamic typing
are contrasting and only dictate when type checking should occur. To talk about how types are checked, then we need to
talk about other type systems.

Explicit typing is something you are familiar with in Java and C: the programmer must explicitly state the type at creation
of the variable.

int i = 3;

String s = "hello’;

The above are examples of explicit typing. This is very important in C because you can do whatever you want with whatever
data for the most part. Explicitly typed languages are almost always associated with manifest typing (and sometimes these

terms are used interchangeably). With manifest typing, types are associated with variables, not values. Thus, it is the vari-
able i that has type int, and not the bitstring 00000011.

In contrast to this is the idea of implicit typing (sometimes called latent typing), where the programmer does not need
to put down the type of the variable. In this case, type inference occurs, where the language will infer the types of the data
(we see this in OCaml) and we saw this in Python. In this case, types are associated with values and not variables.

It is important to note, that explicit and implicit type systems are independent of static and dynamic type systems. They
do not imply each other. OCaml is a static and implicitly typed language. Python is a dynamic and implicitly typed language.
C is a static and explicitly typed language.

5.3 Functional Programming

According to Wikipedia, "functional programming is a programming paradigm where programs are constructed by applying
and composing functions". This probably means nothing to you, so let's make our own definition. First let's define a few
words, or rather one in particular: paradigm. Depending on the field, it has many different definitions. | don’t want to take
the lingustic’s definitions, despite that is the one used here. | want to take the more general one: a set of thoughts and
concepts related to a topic. With this defintion, | will say this: Functional programming is a way of programming that focuses
on creating functions rather than listing out steps to solve a problem.. I'm sure that many people will disagree and dislike
this definition but oh well.

"python does do some compile like things tho
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5.31 Declarative Languages

Functional languages are typically described as declarative. This means that values are declared and the focus is declaring
what a solution is, rather than describing how a solution is reached. To see this let's do a real quick comparison in English
for a process that finds even numbers in a list

Imperative Declariative
+ make an empty list called results + Take all the values that are even divisible by 2 from the list
+ Look at each item in the list + Return those values

+ Divide the item by 2 and look at the remainder
+ if the remainder is 0, add the value to the results list
+ return the results list after you looked at all list items

Notice that the imperative instructions tell you how to do something and does so in steps. The declarative instructions
tells you what you are looking for and assumes you can just figure out how to do it. If we translate the imperative code to
Python we get something like

#imperative.py
def evens(arr):
results = []
for item in arr:
remainder = item % 2
if remainder ==
results.push(item)
return ret

Now we haven't learned enough (or really any) OCaml at this point to write a solution to this yet® , but let's look at a
declarative python example:

#declarative.py
results = [x for x in arr if x % 2 == 0]

Here, we don't tell python how to solve the problem, we tell it what we want and python figures out the rest.

5.3.2 Side effects and Immutability

One thing that functional programming aims to do is to minimize this idea of a side affect. Consider the following Python
Code:

# side_effects.py
count = 0
def f(node):
global count
node.data = count
count+=1
return count

Functional programming wants to treat functions as, well, a function. This means that something like the following should
be true:

f(x) + f(x) + f(x) = 3 * f(x)

However, if we run the code above, then f(x) + f(x) + f(x) =1+ 2 + 3and3 * f(x) = 3 x 1. This unpre-
dictability is called a side effect (The true definition of a side effect is when non local variables get modified). When side
effects occur, it becomes harder to reason and predict the behaviour of code (which means more bugs!). To combat this,
OCaml makes all variables immutable to help maintain referential transparency. Referential transparency is the ability to

2|f you wanted a solution here is one:
let rec even lst = match lst with []-> []|h::t -> if h mod 2 == @ then h::(even t) else (even t) in even lst
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replace an expression or a function with it's value and still obtain the same output. To simplify, OCaml wants to minimize
the amount of outside contact your code has to make everything self contained. The more you rely on outside information
or context, the more complicated your code becomes. Now we need to address the question, "What is an expression or
function’s value?"

5.3.3 Expressions and Values

In functional languages, one of the core ideas is ability to treat functions as data. Which means much like in python, we
can pass functions in as arguments, or use them as return values to other functions. But we are getting a little ahead of
ourselves. Let's first see what data is in OCaml.

In OCaml, we say that almost everything is an expression. 3Expressions are things like4 + 30r2.3 < 1.5. We say that
expressions evaluate to values. A value is something like 7 or false. All values are expressions in and of themselves, but
not all expressions are values. Like a square and rectangle situation. All expressions also have a (data) type. The expression
3+4 evaluates to 7 so we say that both expressions have type int. For the purpose of these notes | will use e to represent
an expression, t for type, and the structure e : t to say that the expression e evaluates to type t. Consider the following:

(* expressions.ml x*)
true: bool (* is a value, has type bool x*)
3 * 4: int (* is an expression, has type int x)
~ string (* is an expression of type string x)
5.4: float (* a value of type float *)

Now, we said that almost everything is an expression but we do have one thing that | would not consider an expression: the
binding of expressions to variables.* This can get confusing because there are these things called let bindings and let
expressions. We will talk about the former first.

Alet binding just binds an expression to a variable. We cannot use it where we typically expect an expression. Here
is an example:

(* letBinding.ml x*)
let x =3+ 4

(* syntax x)

(x let variable = ex)

It is important to note that OCaml uses static and latent typing. Also recall that variables in OCaml are immutable. When we
run the above code in a repl like utop we are actually setting a top level variable which can be used to refer in other places.
We ultimately want to try and avoid this to maintain more strict referential transparency so we have this expression called
a let expression.

Alet expression is like setting a local variable to be used in another expression.

(* letExpression.ml x*)

let x =3 +4 inx + 1

(* syntax x)

(* let variable = el in e2 x)

In this case, we add the in keyword and follow up with another expression. In this case, this is an expression so it does
have a value it will evaluate to and also has a type. It's type is dependent on what the second expression’s type is.

(let variable = el:tl in e2:t2):t2
We can of course nest these, and since data is immutable in OCaml, variables are overshadowed.

(* scoping.ml x*)

let x =3 in lety =4 in x +y (x 7 %)

let x 3 in let x =4 in x (* 4 *)

let x =3 in let z=4 + x in let x =1 in x + z (* 8 *)
(* implicit parenthesis x*)

let x = 3 in (let z =4 + x in (let x =1 in x + z))

3Technically, everything is an expression due to specifications of OCaml, but in the broad scheme of things, | don't like this.
“Technically it is an expression (by ocaml specs), but is not the same as the other expressions we talk about;Languages like Scheme or Racket would
not consider this to be an expression
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Here, whenever we look consider a variable's value, it is always the closest preceding binding. Also, just to reiterate, these
are expressions so something like the following is also possible:

let x = if true then false else true in let y = 3 + 4 in let z = if true then 2 else 6 in if
x then y else z

(* implicit parenthesis x*)

let x = (if true then false else true) in let y = (3 + 4) in let z = (if true then 2 else 6)
in (if x then y else z)

Now that we have an an idea of what an expression is and how to determine some basic values and types, we can build
larger expressions. | think of this as analogous as taking statement variables p and p and then building larger statements
like p V g. And since we know how to evaluate basic expressions and find out their types and values, it's like knowing the
truth values of p and g and being able to then conclude the truth value of p V gq.

5.3.4 The if Expressions

Let us consider the very basic if expression. Nowthe if expression isan expression which means it has a value and
type. But first let us consider it's syntax.

(if e1:bool then e2:t e3:t):t

What does this mean? As stated before, | will be using e to represent expressions and t for types, with e : t meaing that
e has type t. So in this case, the if expression has an expression el which must evaluate to a bool, and two other
expressions €2 and e3 which must both evaluate to the same type t. The if expression as a whole then has that same
type t. A little weird, let's see an example.

if true then 3 else 4

Here true is an expression of type bool and both 3 and 4 are expressions of type int which means this expression as a
whole has type int. Now because we can substitute any valid expression for e1, €2, €3 as long as their types follow the
above rules all the following are valid expressions:

if true then 3 else 4

if true then false else true

if 3 <4 then 5+ 6 else 7 + 8

if (if true then false else true) then (if false then 3 else 4) else (if true then 5 else 6)

Unlike Python or C, the only things that evaluate to bools are true and false or expressions that evaluate to true and
false.Soif 3 then 4 else 5would be invalid. This idea of substituting any expression with the expected type can be
used for any expression that has 'subexpressions’. So the following are valid with let bindings and let expressions:

let x = if true then false else true
let y =3+ 4 - 10 in if true then y else y + 10

5.3.5 Functions as Expressions

We stated earlier that functional programming is one where we want to be able to treat functions as data. We have actually
kinda saw this before. Consider the following:

X =3
print(x)

def x():
3
prints(x())

There is not much difference here as what is printed out or how we use the name x. In OCaml, I consider variables to be
functions with no parameters that return a value very much like our x method above. This is because at the end of the day,
if we recall out C and 216 days, a variable is just a way to refer to some specific memory address that holds data. That data
could be a value, could be code. But an actual function definition looks like this:



S W N

SO W N A

0N OO MW N A

~ W N A

50 CHAPTER 5. OCAML

(* functions.ml x)

let area Lw=1*w

(x or to use a let expression where we call the function x)

let area Lw =1 % w in area 2 3

(* syntax x)

(* (let name el:tl e2:t2 ... ex:tx = e:ty):tl -> t2 -> tx -> ty *)

Like let bindings a function definition by itself is not an expression. You will need the in keyword if you want it to be
an expression. The type of a function is represented as a list of types that looks like t1 -> t2 -> ... -> tx -> ty,
For example let area 1 w = 1 * w in area hastype int -> int -> int. The last type in this list is always the
return type, where the preceding types are the types for input.

The fun part is that since we know functions are expressions, and functions can take in expressions as input, then we
can have functions that take in other functions.

(* functionall.ml x)

let area Lw=13x*xw (*x int -> int -> int x*)

let apply f argl arg2 = f argl arg2 (* ('a -> 'b ->
apply area 2 3

(* optional parenthesis x*)

(* apply (area) (2) (3) x)

’ ’ ’

c) ->'"a ->"'b -> 'c x)

Now we have some new things to talk about here. Namely, whatis 'a, 'b, ’'cand whyisarea’stype int -> int ->
int and not something like float -> float -> float?

5.3.6 Type Inference

Let us consider the area function: let area 1 w = 1 * w. OCaml knows that this is a function with type int -> int
-> int. Which means we cannot do something like area 2.3 4.5. Why is this and how does this work?

Type inference is a way for a programming language to determine the type of a variable or value. In some languages it's
real easy because you explicitly declare types: int x = 3;. In OCaml, variables types are determined by the operations or
syntax of the expression. So just like you can only use things like & and | | on bools, we can only use things like +, -, *, /
on ints. If you wanted to do operations on floats then you need to use different operators. See the following:

(* operations.ml x*)
2 + 3 (% int and int =*)
1.3 +. 4.3 (* float and float =*)

A~

(* string and string x*)
true || false (* bool and bool *)
int_of_char 'a'" (* char input, int output =*)
2 + 3.0 (* error =)

37~ 4 (% error x)

’

Some operators however, work on many different types. One such example is the > (greater than) operator. This operator
along with <, >=, <=, =all can take in any two inputs as long as those two inputs are the same type. The output will
always be of type bool.

(* compare.ml x*)
2 >4 (x false x*)

<= (* true x)
true = false (* false x)

One thing to note is that we use = for testing equality since we bind variables with let ... = e. Sowe can say something
like let x = 2 = 3 and OCaml knows that x is the varaible and anything after the first = sign is the expression. Anyway,
this is important because then what type is inferred from a function like

(* typeInference0.ml x)
let compare x y = x >y in compare
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Here we have no idea what type x and y have to be. In this case, OCaml uses a special type notation. The type of compare
is’a -> "a -> bool. That is, we have two inputs which must both be the same type, and we know the result will be of
type bool. If we are given something even stranger like:

(* typeInferencel.ml x)
let f xy =3
(*» this is equivalent to something like
def f(x,y)
3
end
*)

OCaml will give this functiontype 'a -> ’'b -> int. We are returningan int but the input types could be anything. Since
the input types don’t even need to be the same type here, we give them different symbols. So let's go back to our apply
function and break it's type down again.

(* typeInference2.ml x)
let apply f x y = f xy in apply (* ('a -> 'b -> 'c) -> "a -> 'b -> "c *)

First let’s list out the parameter names: f, X, y. The first parameter is a function which has two inputs of unknown type.
We also don't know if the two inputs have to be the same or different. At this moment we know that the function’s type is
'a -> 'b -> ?.Looking at the function we are given no information about what the return type of f is so we give it yet a
another symbol. Thus we can say that the type of fis 'a -> 'b -> ’'c. Now we know that f is being called on parameters
x and y so we know that x must be the type of f's first argument so we can give x type 'a. We then know that y is being
used as f's second argument so it should be of type ’b. So at this point we know the type of applyis ('a -> 'b -> 'c)
-> 'a -> 'b -> ? (we put any function’s type in parenthesis to show it's a function). Lastly we know that the returned
value of apply is whatever f x vy returns. Since we know that f returns some value of type ’c, we can say apply'’s return
type is also ' c. Thus the entire type of applyis ('a -> 'b -> 'c) -> 'a -> b -> 'c

5.4 Ocaml Pattern Matching

The next feature that OCaml allows us to have is the ability to pattern match. Pattern matching is, if you squint, very closely
related to a switch statement. While | could show you pattern matching with what we know, I find it easier to demonstrate
once we know OCaml’s built in data structure: lists.

5.4 Lists

In other languages you may used to having these data structures called Arrays. In OCaml we don’t have arrays, we what we
have instead is 1ists. Let’s first see the syntax:

(* list.mlx)

[1;2;3;4] (* type: int list =*)
(* syntax x)

(x [el:t; e2:t; ... ex:t]x)

Looks a little like an Array but instead of being comma delimited, it is semi-colon delimited. Looking at the syntax we can
also conclude that the 1ists must be homogeneous. Additionally, we can see that we do not need to put values, but rather
we can put expressions. Here are some examples of other lists

(* listl.mlx)

[1;2;3;4] (* int list =)

[2.3;1.0] (x float list x*)

[ , ] (x string list x)

[2 + 3; 4-4; 7 x 9] (x int list )

let fl x=x+1in let f2 y=x+ 1 in let f3 z =2z + 1 in [f1;f2;f3] (* (int -> int) list
*)

The last one is a list of int -> int functions, wild huh? Now it is important to note that lists are implemented as a
linked list under the hood which means they are recursive.



oUW N A

52 W N A

O 00N O &~ W N A

= a4 =2
N SO

52 CHAPTER 5. OCAML

5.4.2 Recursion

Now you may have noticed that | have not talked about for, while, do while or any other type of looping structure.
That is because it does not exist in OCaml. We have something better: recursion. In OCaml, data structures are recursive and
to do looping, we need to make recursive functions. We will talk about this is a bit. We first need to talk about lists. Now
since lists are recursive, we need to consider how to define a list. If you recall from 132 your linked list data structure,
you should recall that a linked list in Java is a 'node’ which contains a piece of data and then points to another list or null. In
OCaml, we don't use these words, but they can be used analogously. In OCaml we don’t point to Null, but instead we point
to an empty list which we call Nil. We then have an element which points to the rest of the list, which we use what we
call the Cons operator.

[1 (x Nil, the empty list )

1 [1 (* 1 cons Nil, add 1 to the empty list. Evaluates to [1] x*)
1 :: 2 :: [] (x1 cons 2 cons NIL. Evaluates to [1;2] *)

1 [2] (x 1 cons list of 2. Evaluates to [1;2] )

(* syntax x)

(* el:t :: e2:t list x)

Notice that the syntax shows that we are using expressions which means we have some wierd expressions that represent
lists. Also note that the cons operator’s left hand operator is of type t and the right hand operator must be of type t
list.

[2 +3; 4 - 5] (x int list. Evaluates to [5;-1] x)

[if true then false else true; false;] (x bool list. Evaluates to [false;false] x*)

[[1;2;3];[4;5;6]] (* int list list. Is a value x)

[print_string ; print_string ] (¥ Unit List. Don’t worry about Unit now, but
notice that "worldhello" is printed. x)

Notice that when we put expressions into lists, they are evaluated and not stored as expressions, but also evaluated from
right to left order (see the last example).

5.4.3 Pattern Matching

So now that we have an idea of what a 1ist is and how to construct one, now we have to learn how to deconstruct a list.
Pattern matching is the way to deconstruct any data structure in OCaml and is a language feature not found in all languages.
In order to pattern match, we need to learn a new expression: the match expression.

let x =5
match x with
0 ->0
[1 ->1
[3 ->2
|5 ->3
|- >4

(* Syntax x)

(* (match el:tl1 with
patternl -> e2:t2
|pattern2 -> e3:t2
| ... )12

A match expression takes in an expression/value and then checks to see if it has the same structure as any of the cases. If
it matches with a case, it will then preform the expression linked to the case. The last line is an underscore, which is used
as a wildcard (match with anything else). Here is an analogous switch statement:

switch (5){
case(0): return o;
case(1): return 1;
case(3): return 2;
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case(5): return 3;
default: return u4;

}

I don't want you to think of them as the same though, and pattern matching can do a lot more than a switch statement
so just use this vaguely related but not the same. However like a switch statement, a match statement will check until the
first pattern that satisfies the requirements and then not look at any of the other patterns. Additionally, notice the match
expression is an expression which means it can be evaluated to a value and has a type. It's type is whatever each case
returns, and so we need each branch to have the same return type. The next thing to discuss is the idea of a pattern. A
pattern is not like a regular expression pattern, but it matches with how a piece of data could be represented. Consider all
the ways we can represent a list of 2 items. We can use each of these in a math expression and they mean the same thing.

match [1;2] with
a::b::[] ->0
la::[b] -> 1
[[a;b] -> 2

In the above example, the expression evaluates to 0, but all of those patterns mean the same thing. Here is an example of
pattern matching on a list where we return the length or 4 if longer than 3 elements.

(xlet 1st = ... some list x)
match 1st with

[1 >0

[[a] -> 1

la::b::[]1 -> 2

la::[b;c] -> 3

[h::t -> 4

In this example we are matching some previously defined list named 1st and seeing if the structure is anything like what
we have on lines 3-7. If we take a look at line 7, we will see this pattern h: :t. Remember our syntax of a list: el:t
e2:t list. This pattern is just a single value cons to some list of some arbitrary size. Ultimately, as long as a list's size is
greater than 1, this pattern would match, but since it's the last item, it will only be reached if the preceding patterns do not
match.

5.4.4 Recursive Functions

Knowing all this, we can then make functions that find the head of a list, or the last item of a list, but first remember what
I said earlier, there is no looping construct except recursion. So we need to make recursive functions. To make a recursive
function is the same as how we construct any other function but we need the rec keyword. Let’s unalive 2 creatures with 1
weapon:

(* Assume the list cannot be empty *)
let rec tail 1st = match 1st with

[x] -> x

[—::t -> tail t

First, notice a recursive function is similar to a normal function. We just need the rec keyword after the let keyword. Next,
let's consider the patterns | used. If we assume the list is not empty, then the base case is a list with 1 item. In this case,
just return that 1 item. Otherwise, if the list takes the form of _: : t, or something cons list, then just recursively call tail
on the rest of the list. Notice that since I did not need the head item, | did not need to bind it to a variable, so | could just
use the wildcard character. Another recursive function example: sum up the valuesinan int list.

let rec sum 1st = match 1st with
[] ->0
|[h::t -> h + sum t

There are other data types that exist besides lists which you can use and pattern match on. Please refer to the Data Types
and Syntax section for more (Section 5.5).
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5.5 Data Types and Syntax

5.51 Data Types
Basic Types
There are a few basic types in OCaml that we cover in this course. They are:
. int
- float
« bool
. string

« char

Data Structures
There are 4 main data structures that exist in OCaml. They are
- Lists
» Tuples
« Variants
+ Records

. Each one of these things can be pattern matched and used to construct more complicated data structures. However in my
experience | have rarely ever used records.
I talked about lists in an earlier section of this chapter so you can refer there for more info but here are some examples.

[1;2;3] (% int listx)

[1 (x empty list, Nil, 'a 1lst *)

[2.0 +. 3.4] (x float list %)

let f x=x+1in let gy =y *x 1 in [f;g] (* (int -> int) Llist =)

Now that we are refreshed on lists, let's talk about tuples. Tuples are ways for us to package data together to be a
single 'value’ so to speak. This can be useful since functions can only have one return value, so if we need to return multiple
pieces of data, a tuple could be the way to go. But enough talking, here is an example:

(* tuples.ml x*)
(3,4) (* int * int =)

(1,2, ) (x int * int * string *)
(* syntax x)
(x (el:tl,e2:t2,...,ex:tx):t1l *x t2 x ... tx *)

As you can see tuples are just expressions that comma delimited and placed in parenthesis. Some important things to note
is that tuples are of fixed size and their type is dependent on the size and types of the subexpressions. For example, (3,2)
isanint * inttuple whichis differentthan3,2,1) whichisanint * int * inttuple. We can pattern match to break
apart tuples by using our match expression.

(* tuple-match.ml x)
let t = (1,2)
match t with

[(0,0) -> 0
[(1,1) -> 1
[(1,b) ->b + b
|(a,b) ->a *xb
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The next data type we can talk about are variants. These are similar but not the same as enums. They are ways we can
give names and make our own types in OCaml.

(* variants.ml x)
type coin = HEADS | TAILS
let x = HEADS (* type is coin, value is HEADS =)

These types are then recognized by the rest of OCaml and we can write functions based on these types. To figure out what
type you are using, you can use pattern matching.

(* variants.ml x*)

type coin = HEADS | TAILS

let flip ¢ = match ¢ with HEADS -> TAILS | TAILS -> HEADS
(* flip is a function of type coin -> coin x*)

type parity = Even | 0dd

let is_even p = match p with Even -> true | 0dd -> false
(x is_even is a function of type parity -> bool x)

These variants are helpful for just renaming or making data values look pretty. For each of these examples we could have
just used bools or ints to represent data. However, variants also allow us to store data in our custom types. Consider the
following

(* variants.ml x)

type shape = Rect of int * int | Circle of float

let r Rect 3 4 (* type is shape, value is Rect(3,4) x)

let ¢ Circle 4.0 (* type is shape, value is Circle(4.0) x*)

Here | am saying to make a shape type and that shapes can either be Rects which hold int * int tuple information, or
Circleswhich hold floats. We can pattern match to figure out what type we are talking about, and to pull out information.

(* variants.ml x)

type shape = Rect of int * int | Circle of float

let r = Rect 3 4 (* type is shape, value is Rect(3,4) x*)

let ¢ = Circle 4.0 (* type is shape, value is Circle(4.0) =*)

let area s = match s with

Rect(1l,w) -> float_of_int 1 x w (* need to cast this to float so return types match x*)
|Circle(r) -> r x r x 3.14

This is useful if we want to make Trees or our own lists.

(*x variants.ml x)
type int_tree = Node of int x int_tree *x int_tree | Leaf
let t = Node(4,Node(3,Node(2,Leaf,Leaf),Leaf),Node(5,Leaf,Leaf))
(* tree that looks like
4
/ \

The last data type we will cover here are records. They are groupings of key-value pairs. Records are basically named
tuples, however the order does not matter in them, because the names of the keys will be the basis for lookup, rather than
position.

(* Records *)
type date = {month:string; day:int; year:int}
let today = {day=29;month="feb";year=3000}

When you define a record type, you say the names of the keys followed by the type of data they map to. Once you define
a record, you cannot add or remove the key names. Additionally, when you initialize a record, you have to give a value for
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every key, as there is not a default value that can be used upon creation. However, notice the order of key-values used in
the tuple does not matter.
The cool thing is that records can access their values with the dot syntax we see in other languages.

(* records.ml x*)
today.day = 29
today.month =

5.5.2 Syntax
This is more a cheat sheet of basic/common expressions used in this course and their types.

int functions
(el:int + e2:int): int (el:int - e2:int): int
(el:int / e2:int): int (el:int * e2:int): int

float functions
(el:float +. e2: float): float (el:float -. e2: float): float
(el:float /. e2: float): float (el:float x. e2: float): float

bool functions
(el:bool && e2:bool): bool (el:bool || e2:bool): bool (not e:bool): bool

String Functions
(el: string ™ e2: string): string

if expressions
(if el:bool then e2:t else e3: t): t

let expressions
(let var = el:tl in e2: t2):t2
(let [rec] name argl:tl arg2:t2 ... argx:tx = e0:t0 in name): tl1 -> t2 -> ... -> tx -> t0O

pattern matching
(match el:t1 with
pl -> e2: t2
| p2 -> e3: t2

| px -> ex: t2): t2
List and Tuple Creation
(el:tl, e2:t2, ..., ex:tx): t1 x t2 *x ... *x tX
[el:t; e2:t; ...; e3:t]: t list
List Operations
(el:t :: e2: t list): t list
(el:t list @ e2: t list): t list

Variants and Records
type variantname = Variantl <of type> | Variant2 <of type> | ... | Variantx <of type>

type recordname = {keyl:typel;key2:type2;...keyx:typex}

Imperative
(ref el:t):t ref
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’

I'(var:'a ref): 'a
((var:'a ref) := e:

’

a)

unit
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Chapter 6

Higher Order Functions

Higher Order Functions? More like
lower suggestion inabilities

Klef

61 Intro

We cover this topic in Ocaml so the examples here will be mostly written in Ocaml. A variation of this chapter written
primarily in Python has been made as well.

6.2 Functions as we know them

Let us first define a function. A function is something that takes in input, or an argument, and then returns a value. As
programmers, we typically think of functions as a thing that takes in multiple inputs and then returns a value. Technically,
this is syntactic sugar for the most part (but that's a different chapter). The important idea now is that we have a process
that has some sort of starting values, and then ends up with some other final value.

In the past, functions may have looked liked any of the following:

\\ java
int area(int length, int width){
return length * width;
}
[* C */
int max(int* arr, int arr_length){
int max = arr[o]
for(int i =1; i < arr_length; i++)
if arr[1] > max
max = arr[il];
return max;

}

# Ruby

def char-sum(str)
sum = 0
str..each_char{lil sum += i.ord}
sum

end

59
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# python
def spam(x):
return x - 1

(* ocaml *)
let circumference radius = 3.14 *. 2. *. radius

/! Rust

fn foo(x:i32){
let y = x + 2;
y

}

In these functions, our inputs were things like data structures, or 'primitives’. Ultimately, our inputs were some sort of
data type supported by the language. Our return value is the same, could be a data structure, could be a 'primitive’, but
ultimately some data type that is supported by the language.

This should hopefully all be straightforward, a review and pretty familiar. Notice there are 3 (I would say 4) parts of a
function. We have the function name, the arguments, and the body (and then | would include the return type or value as
well). Again this shouldn’t be new, just wanted this here so we are all on the same page.

6.3 Functions as Data

Let's consider the C code:

int foo = 3;

int bar(){
return 3;

int main(){
int y = bar() + foo;
printf( )i
return 1;

What exactly is happening here? We could say in line 1, we are allocating a segment in memory, binding that memory
address to the human readable name foo and then storing 3 in that memory location.

What about lines 3-5? How is bar stored in memory? If we consider what is going on in the machine (Maybe recall from
216), then we know that any piece of data is just 1s and os stored at some memory address. The variable name helps us
know which memory address we are storing things (so we don’t have to remember what we stored at address oxo12f or
something). When we want to then refer to that data, we use the memory address (variable name) and we retrieve that data.
Why should a function be any different?

In this case, we are allocating a segment in memory (in the code part, rather than stack or heap), binding that memory
segment to a human readable name bar, and then storing the code that represents the function to that location.

We can then treat the bar variable like we would treat any other variable. To be clear, they still follow the variable rules
that other variables have. 3 + x is only valid if x is an int or similar. So bar can only be used where we expect a function
(bar + 3 fails because we are treating bar as a number instead of a function).

6.4 Higher Programming

As we said, functions take in arguments that can be any data type supported by the language. A higher order programming
language is one where functions themselves are considered a data type. We've seen this in OCaml, but let’s take a deeper



O 00N OV &~ W N A

W NN DO N NDNNNDN N o0 o 4 o a a a o =
cov oG ROINNSOCSTS I G ROPD IO

6.4. HIGHER PROGRAMMING

look at it now.
Let us consider the following C program:

#include <stdio.h>
#include <stdlib.h>
#include <time.h>

int addl(int x){
return x + 1;
b
int subl(int x){
return x - 1;

// return a function pointer

intx getfunc(){
int (*funcs[2]) (int) = {subl, addl};
return funcs[rand()%2];

// take in a function pointer
void apply(int f(int), int argl){
int ret = (xf)(argl);
printf( ,ret);
}

int main(){
int i;
srand(time(NULL));
for(i =0; i <5; i++){

apply(getfunc(),3); //playing with pointers

}
}

This program has one function that returns a function pointer and one function that takes in a function pointer. The idea
of this is the basis of allowing functions to be treated as data. For most languages, we have the ability to bind variables to

data.

int x = 3; // C, Java

y = 4 # Ruby

let z = 4.2;; (* OoCaml *)
/] idea

/] variable = data

61

If we consider what is going on in the machine (maybe recall from 216), then we know that any piece of data is just 1s and os
stored at some memory address. The variable name helps us know the memory address at which we are storing things (so
we don't have to remember what we stored at address oxo12f or something). When we want to then refer to that data, we
use the memory address (variable name) and we retrieve that data. Why should a function be any different? We previously
saw a pointer to a function being passed around, which just means the pointer to a list of procedures that are associated
with the function.

So in the case of higher order programming, we are allowing functions to be passed in as arguments or be returned as
data.

Thus, we can say that a higher order function is one that takes in or returns another function. We can also avoid all
these void pointers and casting and stuff in most functional languages like OCaml:

1 (* takes in a function)
2 let apply f x = f x;;
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(* returns a function x)
let get_func = let addl x = x + 1 in addl;;

6.5 Anonymous Functions

So we just said that we bind data to variables if we want to use them again. Sometimes though, we don’t want to use
them again, or we have no need to store a function for repeated use. So we have this idea of anonymous functions. It is
anonymous because it has no variable name, which also means we cannot refer to it later. The syntax of an anonymous
function is

(* add 1 *)

fun x -> x + 1

(x add x*)

fun x y -> x +y

(* general syntax x*)

(* fun varl:tl var2:t2 ... varx:tx -> e:ty x*)
(* has type (t1 -> t2 -> ... -> tx -> ty) x)

The difference between 2 + 3and let x = 2 + 3correspondsto the difference between fun x -> x + landlet
x = fun x -> x + 1. This means that we can do the same thing by doing something like

2 +3 (* expression by itself, no variable x)
let x =2 + 3 (* expression then bound to a variable x*)
fun x -> x + 1 (* function by itself, no variable x)

let addl = fun x -> x + 1 (* function bound to variable *)

This means let addl x = x + 1lisjustsyntactic sugar of let addl = fun x -> x + 1. Thisis because OCaml and
other functional programming languages are based on this thing called lambda calculus, which is another chapter. But if we
think about our mathematical definition of a function, it is something that takes in 1 input and returns 1 output. So if each
function should have 1 input, then what about something like let plus x y = x + y?

6.6 Partial Applications

Recall a section or something ago when we said that higher order functions can take in functions as arguments and return
functions as return values. Consider:

let plus X y =X + vy
(x int -> int -> int x)

We said earlier that functions have types, where the last thing in the type is the return value, and the first few items are the
input types. We kinda lied. Let us consider:

let plus xy = x + vy

(* int -> int -> int *)

let plus x = funy -> x + vy
(* int -> int -> int *)

(* int -> (int -> int) *)

This last function does have type int -> int -> int but consider what the syntax says. plus is a function that takes in
an int but then returns a function that itself takes in an int and returns an int. Which means we can actually define plus
as

let plus = fun x -> funy -> x + y;;

If we can define functions like this then we can do things like

let plus = fun x -> funy -> x +y

let add3 = plus 3 (* returning fun y -> 3 + y *)
add3 5 (* returns 8 *)
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This is called a partial application of a function, or the process of currying. Not all functional languages support this unless
the function is specifically defined as one which returns a function.

It is important to note here that you can only partially apply variables in the order used in the function declaration. That
is a function like let add = fun x -> fun y -> X + ycan only partially apply the x variable: let add4 = add 4.
This is because we are technically doing something like let add4 = fun y -> 4 + y. If we wanted to partially apply
the second parameter we would need to do something let flip f x y = f y x in flip sub.

To be more clear:

let sub x y =x -y

(* same as let sub = fun x -> funy -> x - y x*)
let minus3 = sub 3

(* let minus3 = funy -> 3 - y %)

(» we cannot partially apply the second argument to sub unless we have a new function x)
(*» we could make a sub specific function x*)

let minus y = sub y 3

(* but let’s make something generic x*)

let flip f x y = fy x

(x let flip = fun f -> fun x -> funy -> f y x %)
let sub3 = flip sub 3

(* let sub3 = fun'y -> sub y 3 x)

So how does and currying supported language know what the values of variables are? Or how are partially applicated
functions implemented? The answer lies with this idea of a closure, something thing that a Ruby Proc is.

6.7 Closures

If you look up the Proc object in the Ruby Docs, you will see that they call a Proc a closure. A closure is a way to create/bind
something called a context or environment. Consider the following:

let and4a w xy z = w &% X & y && z

(* and4 = fun w -> fun x -> fun 'y -> fun z -> w && x && y && z *)
let and3 = addy4 true

(* and3 = fun x -> fun y -> fun z -> true && x && y && z *)

let and2 = and3 true

(* and2 = fun y -> fun z -> true && true && y && z *)

How does the language or machine know that you want to bind say variable w to true? To be honest, there is no magic,
we just store the function, and then a list of key-value pairs of variables to values. This list of key-value pairs is called an
environment. A closure is typically just a tuple of the function and the environment. Visually, a closure might look like the
following:

let sub x y = x -y

let sub3 = sub 3

(* sub3 may look like

(function: fun y -> x -y, environment: [x:3])

*)

Very much like a Proc (because a Proc is a closure), a closure is not evaluated, or run until it is called. Thus, once made,
the closure will not be modified. Thus the following would have no affect:

let sub x y =x -y

let x = 3

let sub3 = sub x

let x =5

sub3 5 (x evaluates to -2 since 3 - 5 = -1 %)

Because the environment is not modified, and is evaluated with values that existed at the time of the closure’s creation,
we say that closures use static scope. This term is used in contrast with dynamic scope, where environment variables get
updated to match typically top level variables. That is the above example would return 0 instead of -2.
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6.8 Common HOFs

Part of the reason why higher order functions (HOFs) are so useful is because it allows us to be modular with out program
design, and separate functions from other processes. To see this, consider the following that we say earlier:

let sub x y = x -y
let divxy=x/y
let mystery x y = (xx2)+(y*3)
let sub3 y = sub y 3

s
let div3 y = div y 3
let double y = mystery y 0

The functions sub, div, and mystery are all non-commutative (the order of inputs matter), so if we want to partially
apply the second value, we need to write a new function that takes in a value to do so. Alternatively, we can just make a
generic function that partially applies the second value so we don’t need to ask for any input.

let flip f xy=fyx
let sub3z = flip sub 3
let div3 = flip div 3
let double = flip mystery o

Being able to make similarly structured functions into a generic helps makes things modular, which is important to building
good programs and designing good software. So the next sections are about common HOFs which will attempt to make a
common function structure generic.

6.81 Map

Let us consider the following functions:

let rec double_items lst = match 1st with
[1 ->11
|h::t -> (h*2)::(double_items t)

let rec is_even lst = match 1st with
[1->[1]
|h::t -> (if h mod 2 = 0 then true else false)::(is_even t)

let rec neg lst = match lst with
[1 ->11
|h::t -> (-h)::(neg 1)

All of these functions aim to iterate through a list and modify each item. This is very common need and so instead of creating
the above functions to do so, we may want to use this function called Map. Map will map the items from the input list (the
domain) to a list of new item (co-domain). To take the above function and make it more generic, let us see that is the same
across all of them:

let rec name 1st = match lst with
[1 ->11

|h::t -> (modify h)::(recursive_call t)

If we think about how we modify h, we will realize that we are just applying a function to h. Since it's the function that
changes, we probably need to add it as a parameter. So adding this we should get

let rec map f lst = match lst with
[1 -> 11
|h::t -> (f h)::(map f t)

Fun fact: map actually exists in Ruby ([1,2,3].map!{|x]| x+1}). Either way, in OCaml and other languages without
imperative looping structures, this is a common recursive function that is needed and can be used to modify each item of a
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list by building a new list of the modified values (recall that everything in OCaml is immutable). Consider the code trace for
adding 1 to eachitemina int list.

let addl x = x + 1 in map addl [1;2;3]
(*

map addl
map addl
map addl

[1;2;3] = (addl 1)::(map addl [2;3])

[ ]

[3
map addl []

[1;

[1;

[1;

= (addl 2)::(map addl [3])
addl 3)::(map addl [])

)::(addl 2)::(addl 3)::[]

map addl 1
4]
]

map addl
map addl

*)

6.8.2 Fold

While modifying each item in a list is useful, it is not the only common and useful list operation. Consider the following:

let rec concat lst = match lst with
[1->
|h::t -> h™(concat t)

let rec sum 1st = match 1st with
[1->0
|h::t -> h+(sum t)

let rec product 1st = match lst with
[1->1
|h::t -> hx(product t)

let rec ands 1st = match lst with
[1-> true
|h::t -> h && (ands t)

let rec length 1st = match lst with
[1->0
|[-::t -> 1+(length t)

Here we want to take all the items in a list and return a single aggregate value. Doing this process is called folding and there
are two common implementations. To start off, we will define define fold_right.

fold_right
So let us find out what each function has in common and then we can figure out what we need to add.

let rec name 1st = match lst with
[1 -> base_case
|h::t -> h operation (recursive_call t)

Taking a look at what we need, we need a base case, and we need an operation.

let rec fold_r f lst base = match 1st with
[1 -> base
|h::t -> f h (fold_r f t b)

Let us first talk about why it's f h (fold_r f t b). In looking what was the same, we saw that it was h operator
(rec_call t). An operator is just a function so we are calling a function with 2 parameters: h and the recursive call
fold_r f t b.
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Some of you may also be wondering what about lenth? It doesn’t use h, it uses a constant 1. My answer to this is to
consider the type of the f. f is a function which takes in 2 parameters, h and the recursive call. I can easily just not use h
in the body of f. Consider the following code trace:

let myfunc h rc = 1 + rc in
fold_r myfunc [1;2;3] O

(*

fold_r myfunc [1;2;3] 0 = myfunc 1 (fold_r myfunc [2;3] 0)
fold_r myfunc [2;3] 0 = myfunc 2 (fold_r myfunc [3] 0)
fold_r myfunc [3] 0 = myfunc 3 (fold_r myfunc [] 0O)

fold_r myfunc [] 0 =0

fold_r myfunc [3] © = myfunc 3 0 =1+ 0 =

fold_r myfunc [2;3] 06 = myfunc 2 1 =1+ 1 =2

fold_r myfunc [1;2;3] 06 = myfunc 1 3 =1+ 2 =3

*)

Notice here that lines 8-10 are just the stack frames all returning and propagating the return value up as stack frames are
being popped off the stack. This also happens in map but there’s something interesting with fold so | wanted to bring
attention to it. That is, notice that if we send in a huge list we can potentially get a stackoverflow error or whatever OCaml's
equivalent is. We can actually avoid this stack overflow and minimize the number of stack frames needed through the use
of the other way to implement fold: fold_left. This is the default implementation of fold in most languages afaik so we
typically just call this fold.

fold_left

See the next section (section 6.9) about why this we can minimize the number of stack frame, but since you already know
how fold works, here is fold_left

let rec fold f a 1 = match 1 with
[1 ->a
|h::t -> fold f (f a h) t

| used the variable a instead of base case or whatever because in this variation, the value is going to act as an accumulator.
That is, this value is going to be constantly updated with each recursive call. Again see the next section for more about the
accumulator. One thing to note is that this will evaluate the items in the list in the reverse order as fold_right. Consider
the code trace for fold_left, then see them compared together.

(* take the sum of the list *)

let add x y = x + y in

fold add o [1;2;3;]

(*

fold add o [1;2;3] = fold add (add o 1) [2;3] = fold add 1 [2;3]

fold add 1 [2;3] = fold add (add 1 2) [3] = fold add 3 [3]

fold add 3 [3] = fold add (add 3 3) [] = fold add 6 []

fold add 6 [] = 6

*)

Now to compare the order of fold_right and fold_left we will use a non-commutative function: subtraction.

fold (-) o [1;2;3;]

(*

fold (-) o [1;2;3] = fold (-) ((-) o 1) [2;3] = fold (-) -1 [2;3]
fold (-) -1 [2;3] = fold (-) ((-) -1 2) [3] = fold (-) -3 [3]
fold (-) -3 [3] = fold add ((-) -3 3) [] = fold add -6 []

fold (-) -6 []1 = -6

*)

(* compare this to fold_right *)
fold_r (-) [1;2;3] o
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(*

fold_r (-) [1;2;3] o = (-) 1 (fold_r (-) [2;3] o)
fold_r (-) [2;3] o = (-) 2 (fold_r (-) [3] o)
fold_r (-) [3] o = (-) 3 (fold_r (-) [] o)
fold_r (-) [] o =0

fold_r (-) [3] 0 = (-) 30 =3

fold_r (-) [2;3] 0 = (-) 23 = -1

fold_r (-) [1;2;3] 0 = (-) 1 -1 =2

*)

(* -6 1= 2 *)

How interesting.

6.9 Tail Call Optimization

I was going to make this it's own chapter, but then had logistical questions so for now I decided against it and so | will just
put this in the HOF chpater for some reason.

Let us take a trip back to our 216 days when we learned about stack frames and function calls. One thing I have noticed
is that students get weird around recursion but | want you to consider the following

int factl(int x){
if (x == 1)
return 1;
return -1
b
int fact2(int x){
if (x == 2)
return 2 x factl(x-1);
return -1
b
int fact3(int x){
if (x == 3)
return 3 x fact2(x-1);
return -1
b
int fact4(int x){
if (x == 4)
return 4 x fact3(x-1);
return -1

}

Suppose we are on line 18. To evaluate what is returned, we have to call fact3, wait for it's return value, and then use that
return value by multiplying it by 4. This is no different than it's recursive equivalent

int fact4(int x){}
if (x == 1)
return 1;
if (x <= 4)
return x *x fact4(x-1);
return -1;

}

The only difference is instead of calling a different function, waiting for it's return value, then using it's return value, we are
instead calling ourself, waiting for a return value, then using that return value.

Great, so now that we know how recursion works, recall how a stack frame is created and pushed onto the memory
stack when a function is called and then popped off the memory stack then the function returns. So the difference between
something like the non-recursive fact4 and the recursive fact4, is which function is being pushed to the stack.
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So Consider what the stack looks like for the recursive fact4 if we call fact4(3)

//Bottom of Stack//

3 // push argument on stack
---start of fact4(3) stack frame---
return 3 x fact4(2)

---end of fact4(3) stack frame---

2 // push argument on stack
---start of fact4(2) stack frame---
return 2 x fact4(1l)

---end of fact4(2) stack frame---

2 // push argument on stack
---start of fact4(l) stack frame---
return 1

---end of fact4(l) stack frame---

Here we are pushing on stack frames when we call the recursive call. Then when finally get to out base case, we can then
start popping values off. So popping off the textttfacts(1) call would make the stack look like

//Bottom of Stack//

3 // push argument on stack
---start of fact4(3) stack frame---
return 3 x fact4(2)

---end of fact4(3) stack frame---

2 // push argument on stack
---start of fact4(2) stack frame---
return 2 x 1

---end of fact4(2) stack frame---

When you learned recursion, you probably learned about return values being propagated when teh function returns and
this is how you can communicate values from one stack frame to another. This is definitely what happens, but notice that
with something like recursive Fibonacci, you will get stack frames being added exponentially and you will get something like
a stackoverflow error.

int fib(int x){
if(x <= 1)
return 1;
return fib(x-1) + fib(x-2);
}

Here the number of stack frames increase at a rate of 2* since each call to fib will push 2 more fib stack frames.

I think we can all agree that Stackoverflow errors are not good and if we can avoid them, we should. One way to
avoid this is to use tail call optimization which would be something a compiler would use to optimize your code. To talk
about tail call optimization, let us first talk about what the actual issue is.

The issue is that there are too many stack frames on the stack and then we run out of memory. There is 2 ways we
can solve this issue: 1) add more memory or 2) pop things off the stack. The first solution doesn’t really fix the issue, since
memory is finite and we can just ask for something like fib(10000000). The second solution has an issue because we
need the old stack frames to exist. However, let us consider why we need the old stack frames.

In the previous example, we needed the old stack frame because before we could return, we needed the return value of
a different stack frame.

//Bottom of Stack//
// calling fact4(3)
return 3 x fact4(2)
//cannot return here since we need to first calculate fact4(2)

return 2 x fact4(1l)
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//cannot return here since we need to first calculate fact4(1)

We said earlier that one way to pass in data from one stack frame to another is via the return value. However this is just
communication from the callee to the caller. We can pass information from the caller to the callee by via argument values.
So let consider this new factorial function:

int fact(int n, int a){
if(n<=1)
return a;
return fact(n-1, nxa);

}

Notice that | added a new argument, a. This new parameter will allow the caller to send in data to the callee during the
recursive call. Consider the following trace:

//Bottom of Stack//

// calling fact(3,1)

// fact(3,1)

return fact(3-1,3x1) // fact(2,3)
// fact(2,3)

return fact(2-1,2%«3) // fact(1,6)
// fact(1,6)

return 6

Notice here that we get the same value, passing in the work of each stack frame into the next recursive call. What this means
is that we no longer need to wait for the recursive call to finish, we can instead pop off stack frames once the recursive call
happens.

//Bottom of Stack//
// calling fact(3,1)

// fact(3,1)
return fact(3-1,3x1) // fact(2,3)

// we don’t need the fact(3,1) stack frame so pop it off and push on fact(2,3) in it’'s place

//Bottom of Stack//
// calling fact(2,3)

// fact(2,3)
return fact(2-1,2%3) // fact(1,6)

// we don’t need the fact(2,3) stack frame so pop it off and push on fact(1,6) in it’s place

//Bottom of Stack//
// calling fact(1,6)

// fact(1,6)
return 6

// got the correct return value
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So why is this called a tail call optimization and how to we make sure we are tail recursive? To answer this question let
us look at the syntax of these recursive calls.

int nontailfact(int x)
if (x == 1)
return 1;
return x * nontailfact(x-1);

int tailfact(int n, int a){
if(n<=1)
return a;
return tailfact(n-1, nx*xa);

Where the one major difference is the number of arguments, tail optimization does not care about this. Remember that
we care about the behavior of the recursive call. So if we notice the syntax around the recursive call, we can say that we care
about what the last thing being calculated is during the recursive call. In the nontailfact the last thing being calculated
is x * nontailfact(x-1). Inthe tailfact, the last thing being calculated is tailfact(n-1,nx*a). This is purely a
syntactical (visual) thing so we say that any statement that could be the last thing executed is in tail position. If the
recursive call is in tail position, then we can take advantage of tail-call optimization.

Let us consider the tail position of some OCaml statements.

3
4

a

(x» all of these statements are in tail position, since they are the last thing being
evaluated x)

2+ 3

4 x 5

(x here 2,3,4,5 are not in tail position. The last thing calculated is 2x3, so we say the

entire expression is in tail position. This is a tad confusing so let’s see something
clearer x).

[243;5%4;0-1]
(x here the last thing being evaluated is the creation of the list. So despite 2x3 being the
last expression being evaluated, we still need to create the list so the entire
expression is again in tail position x)

let x= 3 * 4 in x + 4
(x the last thing here is x+4 so the expression x + 4 is in tail position x)

let x =3 +4 in let x =6 in 7

(* consider the syntax we used for a let binding: let v = el:tl in e2:t.

Here x = v, el = 3 + 4, and (let x = 6 in 7) is e2. Here at the top level, (or in broadest
context), the expression in tail position is e2 or (let x = 6 in 7). If we changed our
context to be more "zoomed in" or "jump in instead of jump over" then things in tail
position would be just 7 x*)

Again this is purely a syntactical thing which depends on the context of which parts of the expression will we consider.
In an earlier section, we talked about fold_right and fold_left. They both do the same thing(ish), but one of them is
tail recursive, and the other is not.
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Property Based Testing
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Testing, 1, 2, 3, Testing 1,2,3.

Micheal Czech

Preface

I will first say that you should totally read José Calderon’s wonderful notes from when we taught this course together in Fall
2022. They talk about property based testing in OCaml. Thus, this note set is more clarifications on those notes rather than
a standalone thing.

7.2

Introduction

Testing is important. We say this all the time let us be very explicit as to why it's important.

Testing can prevent you from getting fired.
Testing can help you become a better project manager.

Testing helps prevent your company (or you if you're an entrepreneur and trying to make a startup) from losing
(potentially) millions of dollars.

Testing helps you maintain integrity and can help make sure you don’t get hacked (and lose money).
Testing as you go can help prevent integration hell

If nothing else, as a student, your grade is sometimes dependent on testing

Ultimately testing can help up save money and write better, more secure code. The goal of learning about Property
Based Testing (PBT) is to give you another tool in your toolbox to help you test more thoroughly (and perhaps even more
efficiently).

73

The problem

Testing is important yet having been a student, a TA, engineer, and a teacher, | know most people have a hard time testing.
The reason people have a hard time and the problem we are trying to solve is two-fold: testing is difficult, and people do
not like to test (probably because it is difficult).

Why is it so difficult? | believe it has to do with how we are initially taught to test. We are very used to and familiar
with writing unit tests. A unit test is where we come up with an input (say 2) and then we have to calculate what the output
should be (suppose negation leads to -2). We don’t want to do this. We write software to calculate an answer so we don't
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have to. Additionally, it can be really hard to think up edge or corner cases. Thus, we introduce the idea of PBT as a way to
generalize unit testing.

In particular, we will use PBT to help in the following manner:
- speed up testing

« help catch weird edge cases that are hard to come up with

7.4 Property Based Testing

To property test, we need to shift our mindset from units to properties. A unit is often defined as an individual entity. So
instead of thinking about individual inputs, we ought to think about groups (sets!) of inputs. By thinking of sets of inputs,
we can no longer say something about the individual, but can only talk about the group as a whole.

Suppose we want to test our square function: a function that takes in an integer and returns the mathematical square
of that integer.

int square(int 1i){
return i x 1i;

If we are going to think of sets of inputs, we can start thinking about what relations exist between the input and output
of the function (the domain and codomain). For example: we know that an even number squared should be even, and odd
number squared should be odd. That right there is a property. To implement testing on this property we need a few things:

+ A property (what property are we testing)
« A relation function (a function that describes the relation between domain and codomain)

+ A generator (a way to create the input set- the domain)

7.42 The Property

We already have the property (the output’s parity should match the input’s parity).

7.4.2 The Relation

We now need the relation function and generator. The relation function should be an encoding of the property we are trying
to test. For example, if we were going to do a literal translation of the property, we would probably get something like the
following:

int relation(int i){ // i in an element of the domain
return square(i)%2 == i%2;

}

Notice that we return a boolean (int in C). If the property holds for the input, the function returns true and false otherwise.
This is because we are asking, "does the property hold for input i, yes or no"?

7.4.3 The generator

We then need to make the generator. The generator will need to make the domain. Typically, the generator will generate a
finite set of random input.

srand(time(NULL));

int* generator(int i){ // i is cardinality of domain
intx ret = malloc(sizeof(int)xi);
for (int j =0; j < i; j++){
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ret[j] = rand(); //% 46340 so we don’t get int overflow when calling square

}

return ret;

7.4.4 Putting it All Together

Once we have all our parts, we can put it together to build a pbt.

void student_test(){
int num_test_cases = 100;

intx domain = generator(num_test_cases);
for (int i = 0; 1 < num_test_cases; i++){

assert(relation(domain[i]));
}
}
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All done. We now have "written" 100 test cases. We can make a hundred more by changing line 2. It is important to note

that this is not the only way to test this property. We could have done by testing each parity separately:

int even_relation(int 1i){
return square(i)%2 == 0;

}

int odd_relation(int i){
return square(i)%2 == 1;

}

This also means we would need to modify our generator:

srand(time(NULL));
int* even_generator(int 1i){

intx ret = malloc(sizeof(int)x*i);

for (int j =0; j < i; j++){
ret[j] = rand()*2;
}

return ret;

int* odd_generator(int i){

intx ret = malloc(sizeof(int)x*i);

for (int j =0; j < i; j++){
ret[j] = rand()*2 + 1;
}

return ret;

7.5 PBT Libraries

PBT is pretty useful and so of course there exist libraries that help with PBT. They are all mostly derivatives from Haskell's

QuickCheck library since PBT originated in Haskell.

« Python: Hypothesis
+ Ocaml: qcheck

» Rust: proptest


https://github.com/nick8325/quickcheck
https://github.com/HypothesisWorks/hypothesis
https://github.com/c-cube/qcheck
https://github.com/proptest-rs/proptest
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751 Aside: Type systems and PBT

Properties that we want to test are typically language agnostic. But with languages that have a more "loose" type system
like Python, we can create properties based on types.

def relation(i):
return type(i) == type(square(i)) == int

}

7.5.2 PBT in Python
First, we need to import some functions from the hypothesis module.

from hypothesis import given, strategies as st, example

}

What we are importing here are three things:
« given: this is a flag for the test which will tell hypothesis that the test should be treated as a property based test
- strategies: this specifies the type of data to generate

- examples: this is a flag that will test a particular example (can also be used as documentation to show example
inputs)

For example, if we wanted to test the square function in python, we would do the following:

@given(st.integers()) # this is a hypothesis test, and integers should be generated
@example(0) # it will always test with 0
def test_square_parity(s):
assert(s%2 == square(s)%2)
}

If we had multiple inputs we wanted to test we could do the following:

@given(st.integers(), st.integers()) # will be in the same order as the arguments to the
function

@example(2,2)

def test_ints_are_commutative(x, y):
assert x + y =y + X

7.5.3 PBTin OCaml

When making PBT, the dune build system will include qcheck as as a required library.
(libraries qcheck) # will be in a dune file

However, if you wanted to use it in utop, you will have to do the following:

#require HH
open QCheck;;

When you are ready to start testing, we can start making our PBT.
let round_down_test = Test.make float (fun f -> floor f <= f);;

In this example, we are telling qcheck to make a float type.
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7.5.4 PBT in Rust
When making PBT, the rust crate system will include proptest as a required library.

// will be in Cargo.toml
[dev-dependencies]
proptest =

Once that is done, then we need to include the proptest macros to our test file:

use proptest::prelude::x;

proptest! {
#[test]
fn test_square(x in Qu32..10000){ // generate a u32 in range from 0 to 10000
assert!(sqaure(x) >= 0);

7.6 When things go wrong

It is important to note that if any of these 3 things (property, relation function, generator) is incorrect, then we may get
wrong results (false positives or false negatives). So PBT is not infallible, nor is it meant to be a full replacement of unit
testing.

For example, we can still come up with things that sound like properties but are not true: "Reversing a list will not be
the same as the input list". This is not a valid property because both the empty list and the list of size 1 would result in the
initial list if reversed.

We can also encode or write the relation function incorrectly.

int relation(int i){
return square(i)%2 == 0; // should be parity of 1

}

The generator could be wrong, or we use the wrong one. We could use the even generator on the initial parity property.

srand(time(NULL));
int*x even_generator(int i){
intx ret = malloc(sizeof(int)xi);
for (int j =0; j < i; j++){
ret[j] = rand()*2;
}

return ret;

int relation(int i){
return square(i) % 2 == 1 % 2;

}

In this case, we don’t test odd input and so we could be missing a bug here.

Itis also just possible that our property introduces new edge cases that we cannot cover with a property. There are also
certain things we cannot (or it's very very hard) to encode as a property (things like user input).

This is why we have to think of multiple properties much like how we have to think of multiple units.
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Chapter 8

Finite State Machines

Finite State Machines? More like infinite
town devices

Cringe

81 Introduction

So far we have talked about the language features that languages may have. However, now we want to start talking about
how we can take features from one language and implement them in another. A naive approach may be something like
making a library or some wrapper functions. For a simple example, maybe | wanted to add booleans to C. | can just write a
#define macro for 1 and © which we name as true and false. For a more complicated example if | wanted to add pattern
matching in C, then maybe | create a struct called data which can hold any value which can be pattern matched and a
function: void* match(data*x value, int (xxpatterns)( datax ), voidx (*xexprs)(datax)) which takes
in a piece of data to match, a series of functions that return true if the value matches it, and a series of functions that return
some value'. This way is terrible and so the typical way to add something is by changing the compiler (Or if we want to go
one step further, let's design our own language, which means we need to make a new compiler-HAH!).

811 Compilers

While this is not CMSC430: Compilers, we need to setup the basis of compilation. We will talk about this more in depth in
a future chapter, but here’s a quick overview. A compiler is a language translator (typically some higher level programming
language to assembly). To translate one language to another, we need to do the following:

 break down the language to bits that hold information

- take those bits and figure out how to store that information in a meaningful way

- take the stored information and map it to the target language

- generate the target language.

The best way to break down the language is to use regular expressions. However, what if your language doesn’t have

regular expressions? Simple: let's implement regular expressions in a way that we don’t need to compile.

81.2 Background - Automata Theory

Imagine that we want to create a machine that can solve problems for us. Our machine should take in a starting value or
values, a series of steps, and then give us output. Depending on when and who you took CMSC250 with, you already did this.

"See Appendix A for a rough implementation

77
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A circuit or logic gate is the most basic form of this. If our input is values of true and false (1 and 0), let us put those inputs
into a machine that ands, ors and negates to get an output value.

The issue here is we do not have any memory. We cannot refer to things we previously computed, but only refer to things
we are inputting in each gate. Once we add a finite amount of memory, we can accomplish a whole lot more and we get what
we call finite automata (FA). | use finite automata interchangeably with finite state machine (FSM). Typically, FA is used in the
context of abstract theory and FSM is used with the context of an actual machine, but they both refer to the same thing.

Once we start adding something like a stack (infinite memory), we get a new type of machine called push-down automata
(PDA) where we theoretically have infinite memory, but we can only access the top of the stack. Lifting this top-only read
restriction, we get what is known as a Turing machine?. As formalized in the Church-Turing thesis, any solvable problem can
be converted in a Turing Machine. A Turing machine that creates or simulates other Turing machines is called an Universal
Turing Machine (UTM). Fun fact: Our machines we call computers are UTMs).

All of this is to say that a compiler wants to output a language that is Turing complete, one which can be represented by
a Turing machine. Regular expressions on the other hand, describe what we call regular languages, and regular languages
can be represented by finite automata. So we will start with FSMs, but know that when we get to compilation, we will need
something more.

84.3 Finite State Machines

Let's start by modeling a universe and breaking it down to a series of discrete states and actions. Let us suppose that my
universe is very small. There is just me, a room and a compass. Suppose | am standing facing north in this room. Let’s call
this state N. When facing north, | have two options: turn right 90° and face East, or turn left 90° and face West. Let's give
these states some names: states £ and W respectively. From each of these new positions (facing west or facing east), |
could turn left or right again and either end up facing back north or facing south. Let’s give the state of facing south a name:
S. If | create a graph that represents all possible states and actions of the universe, | could create a graph that looks like:

Left
% Rght%

Left Right Right Left

Left

This graph represents a finite state machine. A physical machine can be made to do these things, but for the most part, we
will emulate this machine digitally. We typically define a FSM as a 5-tuple:

« Aset of possible actions
« Aset of possible states
- astarting state

 aset of accepting states
- aset of transitions

The set of transitions is the set of edges, typically defined as 3-tuple (starting state, action, ending state). To be clear: this
is a graph. A transition is an edge, and a state is a node. We haven’t seen what a starting or accepting state is, but we will
see those in the next section.

2|nitially called an 'a-machine’ or atomic machine by Alan Turing.
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The important takeaway from the example above is Based on where | am (which state), and what action occurs (which
edge | choose), | can tell you where 1 will end up. So, given an input and a series of instructions, | can give you an output
(sound familiar?). For example, if | start at state NV, and my instructions are to go left, left, right, left, left, right, right, | can
traverse my path (N— > W— > S— > W—- > S— > E— > S— > W) to know where | am and return it (My output is W
here).

8.2 Regex

So we did this whole thing with graphs and talked about what a machine is and a single-example use case. Let's talk about
another use case: regular expressions. For regular expressions, we define a FSM as a 5-tuple very similarly as what we pre-
viously had, but instead of actions, we have letters of the alphabet.

So, we have:
+ the alphabet (), which is a set of all symbols in the regex
- aset of all possible states (S)
+ a starting state (sp)
+ a set of final (or accepting) states (F)
+ a set of transitions (&)

To be clear on types, sp € S and F C S. This is because a FSM can only have 1 starting state (no more, no less), but any
number of accepting states (including 0). In the previous example, we can understand the starting state to be N, but we
don’t really have any accepting states. Let us see an example of a FSM for the regular expression /(0] 1) *1/.

©

oA 1 A1

This machine represents the regular expression /(0] 1) *1/. Recall that a regular expression describes a set of strings.
This set of strings is called a language. Examples of strings in the language described by the regular expression /(0| 1) *1/
would be "1", "10101", and "0001". When we say that a FSM accepts a string, it means that after entering at the starting
state (denoted by an arrow with no origin) and traversing the graph after looking at each symbol in the string, we end up in
an accepting state (states denoted by a double circle). Let's see an example.

Given the above FSM, suppose we want to check if the string "10010" is accepted by the regex. We start out in state SO
since it has the arrow pointing to it as the starting state. We then look at the first character of the string: "1" and consume
it. If we are in state SO and see a "1", we will move to state S1. We then look at the next second of the string (since we
consumed the first one): "0" and consume it. Since we are in state S1, if we see a "0", then we move to state SO. We then
proceed to traverse the graph in this manner until we have consumed the entire string. The traversal should look something
like

SO -1-> S1 -0-> SO -0-> SO -1-> S1 -0-> SO

Since we end up at state SO, and SO is not an accepting state (it does not have a double circle), then we say this machine
(this regular expression) does not accept the string "10010". Which is true, this regex would reject this string.
On the other hand if traversed the graph with "00101", our traversal would look like

SO -0-> SO -0-> SO -1-> S1 -0-> SO -1-> S1
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and we would end up in state S1 which is an accepting state. So we could say that the machine (the regular expression)
does accept the string "00101".

One final thing: a FSM for regex only will tell you if a string is accepted or not3. It will not do capture groups, will not tell
you if the input is invalid, it will only tell you if the string is accepted (in the case of invalid input, it will tell you the string
is not accepted).

8.3 Deterministic Finite Automata
All FSMs can be described as either deterministic or non-deterministic. So far we have seen only deterministic finite au-

tomata (DFA). If something is deterministic (typically called a deterministic system), then that means there is no randomness
or uncertainty about what is happening (the state of the system is always known) “. For example, given the following DFA:

Now this graph is missing a few states (one really). What happens when | am in state S1 and I seea "b"? There is an implicit
state which we call a "garbage" or "trash" state. A trash state is a non-accepting state where once you enter, you do
not leave. There is an implicit one if you are trying to find a transition symbol or action which does not have output here.
That is, there is an edge from S1 to the garbage state onthe symbol "b". There are also transitions to the garbage state
from S2 on "a" and S3 on "c". If we really wanted to draw the garbage state in, we could like so (but there really is no
need to do so):

Regardless if we indicate a trash state or not, no matter which state I am in, | know exactly which state | will be in at any
given time.

3that is, if the string is in the language the regular expression describes. Any language a regular expression can describe is called a Regular Language
“Determinism in philosophy is about if there is such a thing on free will and | would definitely recommend reading David Hume's and David Lewis'’s take
on causality
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8.4 Nondeterministic Finite Automata

The other type of FSM is a nondeterministic finite automata (NFA). Nondeterministic in math terms means that is something
that is some randomness or uncertainty in the system. A NFA is still a FSM, the only difference is what are allowed as edges
in the graph. There are 2 of them. Let’s talk about one of them now. Consider the following FSM:

\ a,b
o >()—v>(s2)—
This machine represents the regular expression / (a|b)*xabb/. There is still a starting state, transitions, ending states,
all the things we see for a FSM. However, there is something interesting when we look at the transitions out of SO. If | am

looking at the string "abb", then when | am traversing, do | go from SO to S1 or do I loop back around and stay in SO? In
fact, there are two ways | could legally traverse this graph:

SO -a-> S1 -b-> S2 -b-> S3
S0 -a-> SO -b-> SO -b-> SO

Since the traversal of the graph is uncertain, we call this non-deterministic. To check acceptance for an NFA, we have to
try every single valid path and if at least one of them ends in an accepting state, then we accept the string. Since we have
to check all possible paths, you can imagine that this is quite a costly operation on an NFA. Additionally, all NFAs have a DFA
equivalent. So why use an NFA?

Let us first consider why we are using a FSM. We want to implement regex. To convert from a regular expression to a DFA
can be difficult. Consider the above NFA for / (a|b)*abb/. Now consider the following DFA for the same regex:

Itis much easier to go from a regular expression to an NFA than it is to go from a regular expression to a DFA. Additionally,
NFAs, because they cen be more condensed, are typically more spatially efficient than their DFA counterpart. However, there
is of course a downside: NFA to regex is difficult, and checking acceptance is very costly. However, NFA to DFA is a one time
cost and its less costly to check acceptance on a DFA. Additionally, going from a DFA to a regular expression is much easier.
Now keep in mind, technically all DFAs are NFA, but not all NFAs are DFAs.

To visualize this, we typically draw the following triangle

Regex >{ NFA

We will talk about how to convert between all of these in a bit, but before we get too far ahead of ourselves, we need to
consider the other difference an NFA has over a DFA: epsilon transitions.

An e-transition is a "empty" transition from one state to another. If we think of our graph as one where the edges
transitions are the cost to traverse that edge, then an e-transition is an edge that does not cost anything to traverse (it does
not consume anything). Consider the following NFA:

OSSEOE O
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If | wished to check acceptance of the string "b", then my traversal may look like:
SO -€-> S1 -b-> S2
Whereas my traversal of the string "ab" may look like:
SO0 -a-> S1 -b-> S2

Knowing this, you can see that this machine represents the regular expression: /a?b/.

8.5 Regexto NFA

Now that we know what a FSM, NFA and a DFA is, then we can loop back around to our initial goal: implementing regular
expressions. In order to do this, we will of course need to build an NFA. To do so, we need to think about the structure of a
regular expressions. That is, we need to consider what the grammar of a regular expression. We will talk about grammars
in a future chapter, but a grammar is basically rules that dictate what makes a valid expressions. Here is the grammar for a
regular expression:

All this says is that any Regular expression is either
+ something that accepts nothing (@)
+ something that accepts an empty string (¢)
+ something that accepts a single a single character (o)
+ a concatenation of 2 Regular expressions (R1R>)
+ One regular expression or another regular expression (R1|R>)
+ AKleene Closure of a regular expressions (R7)

To convert from a regular expression to a NFA, all we need to figure out how to represent each of these things as an NFA.
Since this grammar is recursive, we will start with the base cases, and then move on to the recursive definitions.

8.51 Base Cases

There are three base cases here: @, €, 0. Let’s look at each of these.

The @

The empty set is a regex that accepts nothing (the set of strings (the language) it accepts is empty). This machine can be
constructed as just the following:

Even if = has characters in it, we just have a single state, and upon seeing any value, we get a garbage state.
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The empty string (¢)

The regular expression that only accepts the empty string means the set of accepted strings is {""}. This set is not empty so
it is different from @. This machine can be constructed as the following:

Even if 2 has characters in it, we just have a single state, and upon seeing any value, we get a garbage state since we are
not accepting any strings of with a size greater than o.

A single character

The last base case is a regular expression which accepts only a single character of the alphabet. So if ~* = {"a","b","c"},
then we are looking for a regular expression that describes only /a/, /b/, or /c/. We call a single character o. This machine
can be represented in the following manner:

=)

8.5.2 Concatenation (R1R>)

Now that we have our base cases, we can begin to start showing how to do a recursive operation. Aside from the @, each
base case has a starting state and an accepting state (sometimes these are the same state). Now since the @ is empty, all the
recursive definitions cannot rely on it, so we don’t need to really include it as a base case for these recursive calls. Hence,
let us assume we have some previous regular expressions Ry and R that have a starting state and an accepting state.

O e e O

S S

Now we don't know what regular expression Ry and R» are, just that they have 1 starting state, and 1 accepting state.
The small, unlabeled nodes here just represent any internal nodes could exist (if any).

To concatenate these two together, it means that if L is the language corresponding to Ry and L5 is the language
corresponding to Ry, then we are trying to describe L3 which can be represented as {xy|x € L1 A y € Ly}. For example,
if R1is /a/ and Ry is /b/,then L1 = {"a"} and Ly = {"b"}. This means that L3 = {"ab"}.

So to take our previous machines, and create a new machine which represents our concatenation operations, we can
do so by looking at what our new final states are, and how we get an ordering. Our new machine should have 1 final state
which should be the same as our R, machine, and should have a way to get from R; to R, without costing us anything. By
implementing these two steps, we get the following machine:

O—>

€

@4
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To take our previous example of Ry being /a/ and R, being /b/, when we want to concatenate these machines we get
the following machine:

!

Now, | would say that we are done at this point, as we have a machine that accepts only the concatenated string, with
one starting state and one final state (having only one final state is not a restriction of a FSM, but having only one allows
us to inductively build our machines here). If we really wanted to, we could optimize the machine a little bit, but it is not
necessary.

8.5.3 Branching (R{|R2)

Branching or union is the next recursive definition and requires a bit more work than our concatenation. Again, let us assume
that we have some previous regular expressions Ry and R that have a starting state and an accepting state.

S S

& \@—>

Again we don’t know what regular expressions R1 and R; are, just that they have one starting state and one accepting
state.

To union two regular expressions together it means that if L is the language corresponding to R1 and if L, is the
language corresponding to R12, then we are trying to describe L3 which can be represented as {x|x € L; V x € L,}. For
example if Ry is /a/ and Ry is /b/,then L1 = {"a"} and Ly = {"b"}. This means that L3 = {"a","b"}.

So to take our previous machines and create a new machine which represents our union operation, we can do so by
considering what it means to traverse the graph such that either previous machine is valid. Again, to keep our inductive
properties, we need one starting state and one accepting state. Here is where the tricky part comes. We need to make sure
that both Ry and R; are accepted with a single accepting state, as well as making sure we can traverse R or R, with only
1 start state. The easiest way to do so is by making use of e-transitions with 2 new states. Here is the resulting machine:

This new machine still has one starting state, and one accepting state which means we can inductively build larger
machines, and the e-transitions allow us to chose either path or go to the accepting state without consuming anything. To
take our previous example of Ry being /a/ and Ry being /b/, when we want to union these machines we get the following
machine:
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Again, we could choose to optimize this machine, but it's not necessary.

8.5.4 Kleene Closure (RT)

Kleene closure gives us the ability to repeat patterns infinitely many times and is the last recursive definition of a regular
expression. Despite having the ability to infinitely repeat, it will look very similar to our union machine. Additionally, this is
the only recursive definition that does not rely on two previous regular expressions, so here we only need to assume that
we have some previous regular expressions R that has a starting state and an accepting state.

® \

Again we don’t know what regular expression R is, just that it has one starting state and one accepting state.

The Kleene Closure of a language, is just analogous to the language’s regular expression with the * operator. That is, if
L1 is the language corresponding to R; then we are trying to describe Ly which can be represented as {x|x = e V x €
L1V x € LiLy VvV x € LiL1Ly Vv ...}. For example, if Ry is /a/ then L1 = {"a"} and we are looking for /a*/ or
Ly, ={""a","aa","aaa",...}.

So if we take our previous machine, we need to consider how we can accept the empty string as well as any number of
repeats of a regular expression. The trick for this is in the definition. We are essentially 'or'ing together the same regular
expression repeatedly. So will need to designate a new start state and a new ending state. Doing so will result in the

following machine:

€

Hs)——o—(s)—

€

\

N

{

Here is where the e-transitions become really important. To accept the empty string, we just use an e-transition to move
from S2 to S3. For repeated values, we can just use the e-transitions from S3 to S2. Let’s look at the previous example of
R1 being /a/ and seeing the resulting Kleene closure, but also how we would traverse it. The machine would look like:

o0

If  wanted to accept the empty string my traversal would look like

o

S2 -e-> S3

If | wanted to accept "a", then my traversal would look like
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S2 -e-> SO -a-> S1 -e-> S3
If | wanted to accept "aa", then my traversal would look like
S2 -¢-> S0 -a-> S1 -¢-> S3 -€-> S2 -e-> SO -a-> S1 -e-> S3

We can of course optimize this machine, but again it is not necessary.

8.5.5 Example

For a quick example, if we wanted to make the NFA for the regular expression: / (ab|cd)+/ the machine (with a few opti-
mizations due to space) would look like:

A&
&,

We could optimize this even further, but not really needed. Additionally to see without any optimizations and for a
step-by-step, you can see Appendix C.

8.6 NFAto DFA

Now that we know how to convert from a regular expression to a NFA, we should talk about to how to convert from a NFA
to a DFA. The reason being is that checking for acceptance on an NFA can be really costly and typically you will be calling
accept multiple times on a machine. So instead of calling nfa-accept n times, which is a costly operation, you should
convert the NFA to a DFA (which is still costly, but done once), so you can then call dfa-accept n times which is a very
cheap operation.

So lets start out by considering the difficulty of nfa-accept. Consider the following NFA:

a,b

B @@

When we want to check acceptance, we need find all possible paths and check if at least one accepts it. That is when
checking if the machine accepts "aabb", we need to check all of the following paths:

SO -a-> S1 -a-> Garbage
S0 -a-> SO -a-> SO -b-> SO -b-> SO
S0 -a-> SO -a-> S1 -b-> S2 -b-> S3
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Then since one of them ends in the accepting state, then we can say this machine accepts this string. Notice that we
are essentially doing a depth-first-search here which can be terrible if we got an NFA that has a Kleene closure because
we get an infinite depth. Additionally, the crux of the problem is that we have no idea which state | am in when | first
see the "a". | could either go from SO -a-> SO or | could go from SO -a-> S1. This uncertainty is what makes an NFA
non-deterministic. The solution here is to create a new state which represents this uncertainty.

To demonstrate this idea, let's add a state that says "l don’t know if | am in state SO or S1". Notice this will only happen
when we start by looking for an "a". Additionally, when we start with a "b", we know that we have to stay in state SO (that
is, if we are in state SO and see a "b", we can only go to SO. There is no uncertainty here. But if we are in state SO and see
a"a",we could bein SOor S1).

b

(e

Now while we have a new state that shows possible states | could be in after seeinga "a", | then need to figure out what to
do next. That is, if | am in this new state SO, S1, then what happens if | seea "a" ora "b"?

If this state shows where | could possibly be, then we need to consider both possibilities >. So going back to the original
NFA, if | am in state SO and see a "a", | could go to state SO or S1. Additionally, (looking at the original NFA), if | am in
state S1 and | see a "a", then | can't go anywhere but the garbage state. So not including the garbage state, we can say
that regardless of beingin SO or S1,if I see an "a", then I have to either be in state SO or S1. Well we already have a state
that represents this possibility so we can just add the following transition:

a
b

(e

If this is confusing, consider the following logical argument:

p=q
s=r
pVs
qVvr

From CMSC250 we know this is a valid logical argument (known as constructive dilemma). The same applies here. If SO and
"a" leadsto SOand S1,and S1 and "a" leads nowhere (except the garbage state) then we will and up in either SO or S1
(or the garbage state).

S0 = {S0,S1}
S1=0

SOov S1

{S0,S1} U@ = {S0,S1}

Anyway, that was a slight sidetrack. We next need to consider if we are in SO, ST and we see a "b". The above logic
applies. If I am in state SO and see a b (looking at the original NFA), then | will end up in state SO. If | am in state S1 of the
original NFA and see a b, then | will end up in state S2. It is uncertain which state | will be in though so let's add a new state

that represents being in SO or S2.
a
\ b
2 b >‘

5In "laymen’s" terms, we are in quantum superposition, that is we are in both SO and S1 at the same time
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But now the issue continues, if | am in state SO, S2, and see a symbol, | do not know where I should go. SO let’s continue
with considering if | was in SO or S2 and seeing eithera "a" ora "b".

If 1am in state SO and see a "a", then | am eitherin SO or S1. If  am in state S2 and see a "a", then | can go nowhere
(except the garbage state). So if | am in either state SO or S2 and see a "a", then | will end up in either SO or S1 (or

garbage). Let us add this transition.
a
b
\ s
cEONY
b

Now if I am in state SO and see a "b" then | can only go to state SO. If | am in state S2 and see a "b", then | can only
go to state S3. So if  am in either state SO or S2, then | will end up in either SO or S3. Here is another place of uncertainly
so let us add this new state with transition.

S0

Again, the same issue arises. If | am in state SO, S3, what happens if  see a "a" or "b"? Well we will have to calculate
this like we did with the other states.

If I am in state SO and see a "a", then | could either be in SO or S1. If | am in state S3 and see a "a", then | can go
nowhere (except a trash state). So if | am in either state SO or ST, then | can only end up in SO or S1. Let us add this

transition.
a
b
a
Bl e
b7
\ a

Now if I am in state SO and see a "b" then | can only go to state SO. If | am instate S3 and see a "b", then | cannot go
anywhere (except garbage). So if lam in state SO or S3,ifIseea "b", I can only really go to SO. So let us add this transition:

a
a b »
b7

Now notice that this time around, we did not add any new states and we know where we want to go from each state.
That is, there is no e-transitions, and no state has multiple outgoing edges on the same symbol. By not having these two
things, we have created a DFA from our initial NFA. There is just one final step: which states should be our accepting states?
If the whole thing is based on possibility being in a state, then it should follow that any state which represents a possible
accepting state should in turn, be an accepting state. In our original NFA, S3 was the only accepting state, so we look at all
states of this DFA and mark any state which represents the possibility of being in §3 as an accepting state.
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If you also go back a few pages, this machine is identical to the DFA we said corresponded to our NFA. Wild.

8.6.1 NFA To DFA Algorithm

So let us convert what we just did to an algorithm.
To do so, we will need to define 2 subroutines: € -closure and move as well as define our NFA. Let us use the same FSM
defintion we have been using: (X, S, sq, F, 8). Let us give some types as well:

« 2:"a list, alist of symbols

«+ S:'b list, alist of states

+ So: 'b, a singe state (sg € S)

« F:'b list, a list of state we should accept (F C S)

« 8:('b x "a x 'b) list,a list of transitions from one state to another, ((source, symbol, destination)).

e-Closure

Now to our functions. Recall that we want to figure out which states can be grouped together. e-closure is a function that
helps figure this out in terms of e-transitions. THe previous example did not have any e-transitions but consider:

(==

If | am in state SO, | could also possibly be in state S1 as well. So e-closure if a function that helps us figure out where can
we go using only e-transitions. Now the term closure should give us a hint as to what we want to do. We want to figure out
what states are closed upon e-transitions. It is important to note that any state can reach itself via an e-transition. So here
is the type of e-closure:

- e-closure: (NFA -> 'b list -> 'b list),given a list of states, return a list of states reachable using only
e-transitions

To see an example, let us consider the following machine:

pCSRoENC

If I were to call e-closure nfa [SO] I should get back [SO;S1;S2]. The best way to do so is by iterating through § and
checking where you can go to anywhere in the input list. Then recursively calling e-closure on the resulting list. That is:
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e-closure nfa [So]

/! Looking at So I can only go to So and S1 via an epsilon transition
[So;S1]

/] looking at So | can go to So and S1, looking at S1 | can go to S1 and S2
[So;S1;S2]

/! looking at So | can go to So and S1, looking at S1 | can do to S1 and S2,
/! looking at S2 I can go to S2

[So;S1;S2]

[/l 1 got no new states, my output matches my input, | am done

Here since, my output matches my output then | can return this list and be done. This type of algorithm is called a fixed
point algorithm.
The actual pseudocode is something like:

NFA = (alphabet, states,start,finals,transitions)
e-closure(s)
X =S
do
s= X
x = union(s,{dest|(src in s) and (src,e,dest) in transitions})
while s!= x
return x

On the other hand, move is going to just see where you can do based on a starting state and a symbol. It's type is
- move: (NFA -> 'a -> 'b -> 'b list), given a state and a symbol, return a list of states | could end up in.

It is important to note that you should not perform e-closure at any point during a move. For an example, consider the
following machine:

If we were to callmove "a" SO, then we should get back [S3]. Yet if we were to callmove "a" S3 we should get back
[S1;S2]. This one is pretty straightforward. Just iterate through & to figure out what your resulting list should be.

NFA to DFA Pseudocode

Now that we have everything defined, need to take the process we had and create an algorithm. Going back to the NFA to
DFA example, on each step we had to figure out where we could be upon each symbol in the alphabet. So our pseudocode
should look like:

NFA = (a, states, start,finals,transitions)

DFA = (a, states, start,finals,transitions)

visited = []

let DFA.start = e-closure(start), add to DFA.states
while visited != DFA.states

add an unvisited state, s, to visited
for each char in a

E = move(s)

e = e-closure(E)

if e not in DFA.states
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add e to DFA.states
add (s,char,e) to DFA.transitions
DFA.final = {r| re DFA.states and 3 s € r and s € NFA.final}

For a full in-depth example, see Appendix B

8.7 DFA to Regex

This algorithm to turn any DFA to a regex does not guarantee a nice or readable regex, but it does at least give you a regex.
That's all that's important yeah?

We know that every regex is a union, concatenation, or Kleene star of smaller regular expressions. We know that the
base regular expression we ultimately build upon is a single character or empty string. If we consider that each transition
is a single character, we can combine transitions in a particular way to build a singular regex.

The overarching idea is to take one state out of the machine at a time while replacing the input and output transitions
as combinations of each other. Let’s see an example:

o @-@

If I took out the S1 state, then we can concatenate the input "a’ with the output "b’ and end up with a single transition

"ab’ from SO to S2.
(s——s—>(2)

If a state has a self-cycle, then we modify this transition with the Kleene operator, and then insert it between the input and
output.

(@

If 1 took out the S1 state, then we can concatenate the input "a’ with Kleen of the self-cycle 'b’ and concatenate the result
with the output 'b’ and end up with a single transition 'a(bx*)c’ from SO to S2. Consider why this works. We first start
with "a’ and then we could see any number of "b’s or see no "b’s. Then we end with the ' ¢’ character. Thus, self-cycles
are modified with the Kleene operator.

\ a(b) * c

Lastly, if there are multiple edges from state x to state y, then we will 'OR’ these transitions together. This is because there
are multiple ways to get from x to y.

O OGS

I can combine the "b’ transition with the ’c’ transition to get the "b|c’ regular expression. This is because I could take
"b’ or 'c’ transition.
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Yo @@

Lastly when we have multiple inputs or multiple outputs (or both) that go to different places, we need to treat each
combination of input and output transitions as a new transition we make.

Consider in the following where we have S2 as a midpoint for S05§3, S0S54, S153 and S154.

NoUC

(o]

EOY

o8 @
We now need to consider the path for each of those connections. For S0S3, we have "ac’. For S0S4, we have 'ad’. For
S183, we have 'bc’. For S154, we have 'bd’. Thus we need to make these 4 connections.

—) ac 7—)( : )
bc

ad
~
(s——ba——>(s9)
Now to actually run this algorithm, you will need to wrap your DFA in a new final state and a singular final state. From

there, you then remove every internal state (states that are not the start nor the final). When you have only 1 transition left
(from the new start to the new singular final), then you should have your regular expression.




Chapter 9

Languages

I'm a programmar that is not
pro-grammar

Cliph

941 Introduction

We have now done a ton in regex, but the issue with regular expressions is that they can only do so much. Regular expres-
sions are great when talking about regular languages, but programming languages (and spoken languages) are not regular
languages, so we need something more expressive. Let us consider what exactly we need to describe a language.

9.2 Context-Free Grammars

Recall that a language is just a set of strings. We used regular expressions to tell you how to construct the strings in the set.
An alternative way is to give a recursive definition of the set. Recall from 250 what a recursive set is (in this case the set of
positive multiples of 3):

3
_{xes:x+3es

We can do the same thing to describe sets of strings (although we use a slightly different notation). This is called
a grammar. We will be going over context-free grammars (CFGs) as opposed to context-sensitive grammars (CSGs). For
example, let us take the CFG we saw for regular expressions:

Any regular expression can be expressed as a string that is in the following set

S— €
|o
|SS
|S|S
|S*
1(S)

Any valid regular expression sentence follows the above pattern.

Let's break this down and understand exactly what it means. Here, S is called a Non-terminal because S could be a
variety of things. On the other hand symbols like €, ¢,*, |, (,) are what we call terminals. Grammars also have what is
called productions: rules about what non-terminals can be. This example is honestly not the best for these terms, but we
will see an example soon, and we will revisit these terms.

The important part right now is that this grammar describes all strings that represent a regular expression. Very much
like we can use finite automata to represent a regular expression and show that the regular expression accepts a string, we

93
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can derive a string from a grammar using substitution to show that a string is grammatically correct (and hence belongs in
the language the grammar describes).
For example, the regular expression /abx/ can be described using the following derivation:

S— SS
— a8
— as*
— ab*

Those who have taken a linguistics or hearing and speech sciences class, or even an English class, may know that
“grammar" typically refers to the order in which words need to be for the sentence to make sense. That is still true here.

Unlike /abx/, the regular expression /xb/ cannot be derived from the above grammar, so we claim it to be grammati-
cally incorrect and not part of the language.

Now, English is complicated and has a lot of rules, but consider the following simplified grammar for English.

S— NPVP
NP — pronoun
|proper_noun

|det AN
AN — adj AN

|[noun
VP — verb

|verb NP

Let us revisit our terms from earlier to break this down. Non-terminals are symbols that represent other symbols. Con-
ventionally, we give them uppercase letters. Sometimes, the letters mean something; sometimes they are just alphabetical.
In this case, they mean something (NP stands for noun phrase, VP for verb phrase, and AN for adjective noun).

« Terminals: pronoun, proper_noun, det, adj, noun, verb are all terminals. Unlike the previous example
where a lowercase letter was a symbol, these all stand for larger sets of things (This can be confusing, so in this
course we will typically only be using symbols like in the first example).

+ Non-terminals S, NP,V P, AN are all non-terminals. We know this because they are all uppercase, and each has a
production rule associated with it.

+ Production: a production rule tells us all the things a non-terminal can be. For example, S — NP V Pisaproduction
rule. It states that any sentence S consists of a noun phrase N P followed by a verb phrase V P.
AN- > adj AN|noun says that any AN phrase is an adjective followed by another AN phrase, or it is just a noun.

Using this grammar, we can still derive if a sentence is grammatically valid in English. For example, if | had a sentence
like "The child ran the race", then | could say that this sentence is grammatically correct and should be in the set of valid
English sentences. Before | show the derivation, let us make sure we know our parts of speech:

+ "The" is a determiner (det) because it determines the reference of something. Some other examples are "every", "a",
"some", and "each".

+ "child" and "race" are nouns since they fall under the category of a person, place, or thing (or idea).
- "ran"is a verb since it describes an action.
Knowing all this, let us now show the derivation:

S— NPVP

The (det) AN VP

The child (noun) VP
The child ran (verb) NP
The child ran the AN
The child ran the race

Ll
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The sentence S is a noun phrase (/N P) followed by a verb phrase (V P). In the example above, the first noun phrase is
going to use the third definition of a noun phrase: det AN. "The" is the determiner. The following AN then uses the second
definition of being just a noun, which in this case is "child". So the noun phrase is "The child". The verb phrase is going to
use the second definition of a verb phrase: verb N P. The verb here is "ran", and the noun phrase is going to be "det AN".
In this case, the determiner is again "the" and the AN is just a noun: "race". More on this in a bit.

9.3 Designing Grammars

We said that a grammar describes a set of strings, but it is more expressive than regular expressions. This means that any
regular expression can be expressed as a CFG but also that CFGs can get around some restrictions that regular expressions
have. Let us start with operations that are supported by regular expressions.

9.31 Regular Expressions Supported

Let us start with our 3 base cases.

« @: If the language is empty, meaning it is a set containing no strings, then the CFG should reflect that as well. The CFG
can still be represented as @, which is the null (empty) set

- €: If the regular expression accepts the empty string, then the CFG can just have a single production.

S—>e

- o:Ifthe regular expression is just a single character, we can have our CFG reflect that character in a single production.
S—o

I will say though that in larger grammars, we typically describe sentences or statements with words, so if we have a
list of words, we can do the same thing. For example, we can have something like

S — Cliff

Once we have the base cases (shown above), we can talk about the recursive definitions: concatenation, branching, and
kleene closure:

+ Concatenation: If we wish to concatenate two things together, we can just push them together with either non-
terminals or just the string you expect. For example, the corresponding CFG for the regular expressions /ab/ would

be
S —ab
Alternatively you could do something like
S— AB
A— a
B— b

This can be helpful if you have branching (next bit), or just a sentence where you want to force one thing to come
before (eg. adjective before noun).

+ Branching: If we want to branch, we can use the same symbol we used in regex |. For example, the grammar for a
greeting could be

S — Hello]hi

You can put each option on a new line if you have the space, but either way is valid.
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« Kleene Closure: For allowing repeated values, we can just utilize the recursive property these sets have. For example,
the corresponding CFG for the regex /ax/ is

S — aS|e

. CFGs also let us have a shortcut for something like /a+/
S — aS|a
We can also use this to repeat whole words:

S — Thisisa T sentence
T — very T|long

9.3.2 Not supported by Regular Expressions

We said that CFGs are more expressive which means we can say more with a CFG than we can with regular expressions. So let
us think of some of the restrictions we had with regular expressions. We could not look forward more than one character at
a time, and we could never reference what we previously saw. So would couldn’t do things like balanced parenthesis. This
is all in thanks to the recursive nature of CFGs.
Consider the previous CFG:
S — Thisisa T sentence
T — very T|long

We have a sentence where we have something known ("This is a ") followed by non-terminal (T') which is then followed
by some other known string ("sentence"). By allowing for this ability to look at both before and after the non-terminal, we
can do things like balance parenthesis, or have relative distinct values.

For something like having a balanced values on either side (parenthesis or palindromes), we can just put the values on
either side of the non-termainal.

Balanced parenthesis surrounding"a" S — (S)|a
Palindromes of "a", "b", and "c" S — aSa|bSb|cScle

For having relative number of values we are a tad restricted to a few characters that are relative to each other, but
supposed we want a string with the some number of "a"s followed by the same number of "b"s. Our notation for this is
a"b". The following grammar would allow for that:

S — aSble

We can also do distinct relative numbering like a” 6"

S — aSbble
Oreven a"b™, m>n

S — aSb|T

T — bTle

Sometimes the order doesn’t even matter. If | wanted a string that had the same number of "a"s and "b"s in any order then
I could do something like:

S — SaSb|SbSale

| can also do a string that has an unequal amount of "a"s and "b"s in any order:

S — A|B

A — CaA|CaC

B — CbB|CbC
C — aCbC|bCaC
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9.3.3 A basic Grammar

Putting all this together, | could create a rudimentary language that describes basic algebraic expressions.

A— A+ A|A-A|lAx AlA/AIN
N — number

This grammar is okay because it allows for strings like "2 + 1 + 0 - 4 x 9 / 3". However, this grammar does not allow
for things like " (4-30) *-5, which of course is allowing order of operations to be expressed. We can just easily modify this
expression by adding our parenthesis rule we talked about:

A— A+ AA-AlAx A|A/A|(A)|N
N — number

Now from a compiler/interpreter stand point these this grammar still has some issues, but we will talk about all of this
between the next section and the Parsing chapter.

9.4 Modeling Grammars

Now that we know what a CFG is and what they represent, we need to discuss how we can model them into something useful
(since typically you need to do something with a language and not just know what they are and how they work).

Now one of the leading theories in linguistics and psychology (that | know of) is that we store grammar and the like as
a tree in our heads. Regardless if | am up to date or not in the linguistics field, this is what we will be using to model our
grammars and sentences in compsci.

Recall that a grammar tells you the structure of a language, so the tree should tell us this as well. We do this by our
recursive definition. Consider our basic English Grammar

S— NPVP
NP — pronoun
|proper_noun
|det noun
VP — verb
|verb NP

If we take the same sentence we always used: "The child ran the race", we can represent this sentence as a tree thanks
~N
NP

to our grammar:
S
N
VP
NP /
. . N

AN
det noun verb det noun
. ] ] . 1

The child ran the race

If we consider our basic algebraic expression grammar we can also model sentences with it:

A— A+ AA-AlAx A|A/A|(A)|N
N — number

For example "2 + 3 * 4" can be modeled as:

+
w
*
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Technically this tree represents the following derivation:

A—> AxA
A+AxA
N+AxA
2+AxA
2+N=xA
2+3%A
2+3xN
2+3x4

Ll

This derivation | got via something we call a "left hand derivation". That is, we will substitute the left most variable for
a recursive definition. Consider the right hand derivation for the same tree:

A—> AxA
Ax N
Ax4
A+Ax4
A+ N x4
A+3x4
N+3x4
2+3x«4

A A

Notice that using a left hand or right hand derivation does not change the tree (but if we did more, it would impact the
way the tree is build. However, notice we could have used the following left hand derivation instead:

A—> A+ A
N+A
2+ A
2+AxA
2+N*A
2+3%A
2+3xN
2+3x4

A A

This tree would look like:

N =

Both of these trees and derivations are both valid when substituting the leftmost variable for a definition of A, so we
call this grammar ambiguous. A grammar is ambiguous when there are two valid left hand derivations. A grammar can also
be ambiguous when where are 2 valid right hand derivation.

Now that we have some tree model, we need to discuss what we do with these trees. These trees have a proper name
as well: parse trees. We will get into parsing in a future chapter, but ultimately should we want to try and obtain meaning
from a the tree we need some sort of tree traversal algorithm.

In this case, a post order traversal would probably be helpful here. Consider the second variation to the tree we had. If
| wanted to calculate the right-most A, then | would need to figure out what two values my sub children were before | said
"3-4". Then I could recursively figure out subtrees until | get to the root. That is | would go from the above tree to the below
tree:

A
A/ \12

N
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Which would then have the two subtrees be evaluated to 2 and 12 respectively, which we would then multiply to get 24 as

the final result.
However, consider the first variation of the tree. If we simplified in this manner we would get the following:

A/A\A
N~ '

N

N

+ :IJ, *

Simplified down to:

A
5/ \A

]
*

And finally to:
20

Notice that we get two separate values due to the ambiguity.
There are two ways to help solve ambiguous grammars: we could try and figure out more the grammar and restrict how

we go about traversing through the tree, or we can just change the grammar a bit.
For example, much of the ambiguity is because we don’t know which path the variable should be when given something.

We can fix this by adding separate non-terminals:

A— N+ AN —A|IN = AIN/A|N|(A)
N — number

Now we know that any expression must start with a number and not an expression. So constructing a tree of "2x3+4
could only result in the following:

A/A\A
: v

* 3

~

+

The final issue here is that when we do our traversal, we are still doing addition before multiplication. In order to fix
this, we can either mandate that all operations be put in parenthesis or we can change the grammar to have precedence.

The idea of precedence is that we do things of higher precedence closest to the base case as possible. That is notice
that when multiplication is closest to the bottom of the tree, we are getting the correct computation. So let us modify our
grammar to have precedence. We use the same sort of trick we did for concatenation, we add more non-terminals since we
need to figure out non-terminals before terminals. We should get:

A— B+A|B-AlB
B— N=xB|N/B|N
N — number|(A)

Given this grammar we can only get the following tree:

reZ-w->
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Chapter 10

Interpreters and Compilers

Parsing helps us figure out what all
these squiggles on the page mean

Cliff

101 Introduction
We know how a grammar describes a language. Let us consider the following language which | will call Math-ew:

E — +NE|- NE|*NE|/NE|N
N — 0|1]2|3]4|56/78|9

Math-ew describes simple mathematical expressions. Some sentences in this language include "+ 3 4" and "- 3 *
4 + 5 2". We will use Math-ew throughout this chapter so feel free to refer back to it.

Now that we have a language to work with, the next question is how do we go from something like "+ 3 4" to what we
can assume to be the correct value, 7? That is, in utop or irb, why is it that when we enter something like "3 + 4" we get
back 77

This is all the work of an interpreter. | personally call this a compiler, but the connotation is important.

10.2 Compilers/Interpreters

Consider what happens when we take a file like " funs.ml" and then run ocamlc funs.ml. Itis ultimately the same thing
that happens if we ran something like gcc prog.c or javac Program.java. We take a text file ' and compile it down
to machine code and then we get some program we can run. Practically though we take the text file and convert it to an
assembly file (technically another text file) which an assembler then converts to the appropriate machine code.

All of this is to say we think of compilers as something that takes our code and creates a program, but this is practically
incorrect. A compiler is a language translator. So you could theoretically create a Java to C compiler, or a Ruby to Java
compiler 2.

An interpreter on the other hand takes a text file and returns a value. irb is an interpreter since it does not make
assembly or machine code, but instead gives back a value. | would argue this is also a compiler because | could just define
the target language as something like

S — value

. However maybe what | should say is that both interpreters and compilers are translators, but they translate in 2 different
ways. A compiler translates by making machine code and converting an entire program to an analogous program in a different
language. An interpreter translates by converting one statement at a time and evaluating these statements to a value.

"The only difference between "funs.ml" and "funs.txt" is the file name (which is arbitrary).
2See https://pandoc.org/
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Regardless of if we are talking about a interpreter or a compiler, typically there are three things needed to make a
translator:

- lexer: converts text file to a list of tokens
- parser: takes list of tokens and creates an intermediate representation (Typically a tree)

- evaluator/generator: takes the intermediate representations and either evaluates to a value, or generates analogous
code in a different language.

We will talk about all of these things with an example for Math-ew written in C.

10.3 Lexing

When you are reading this, you are looking at squiggly lines made up of ink or pixels and being literate, you are able to make
meaning of these squiggly lines. Like what a superpower: you can look at squiggly lines and then gain knowledge from said
squiggly lines.

Lexing is analogous to figuring out what the words are. Consider the following sentence:

Your tongue does not fit comfortably in your mouth.

You see some squiggly lines and then get upset that you are now thinking how you should position your tongue. Magic.
But lexing is just the process of figuring out what words are in the sentence (and maybe what type they are). That is, you
split up the sentence into nine words: "Your", "tongue", "does", "not", "fit", "comfortably", "in", "your", and
"mouth". You may even tag certain words as a noun or verb or determiner. However, notice that we said it's just figuring
out what the words are. Given the string

"green the truck"

You still recognize there are three words, "green", "the", and "truck". Despite this being grammatically incorrect, you
still were able to figure out these words. That is exactly what a lexer does.

When creating a new language, you would typically have a list of words which should be allowed in the language. In
Math-ew we have operator words ("+", "-", "*", and "/") and digit words ("o", "1", "2", ..."8", "9"). So we should have something
like
type token = Plus|Sub|Mult|Div|Num of int
(*

If we wanted, we could do something like
type token = Operation of string|Num of int

*)

We then want a function that takes a string and returns a list of tokens. We could do this by doing something like the
following:

let rec lex str =

if str = then [] else
if String.sub str 0 1 = then

Plus::(lex (String.sub str 1 ((String.length str) - 1)))
else if String.sub str 0 1 = then

Sub::(lex (String.sub str 1 ((String.length str) - 1)))
else if String.sub str 0 1 = then

Mult::(lex (String.sub str 1 ((String.length str) - 1)))
else if String.sub str 0 1 = then

Div::(lex (String.sub str 1 ((String.length str) - 1)))
else if String.sub str 0 1 = then

Num(0)::(lex (String.sub str 1 ((String.length str) - 1)))

else if String.sub str 0 1 = then
Num(9)::(lex (String.sub str 1 ((String.length str) - 1)))
else lex (String.sub str 1 ((String.length str) - 1))
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This is not the most efficient way to do this. This also assumes you will be fed valid input (a non-malicious user). | would
recommend looking at the Str library which lets you use regular expressions in Ocaml.
However, this does work as a lexer.

let rec lex str =

lex = [Num(1); Plus; Num(2)]
lex = [Num(1); Num(2); Plus]
lex = [Plus; Num(1l); Num(2)]

Again, notice that our lexer does not check if the string matches the grammar. All it does it check if all the words in the string
are valid. In this particular lexer, we skip over any unwanted words but may not always be the desired behavior.

10.4 Parsing

Now that we have a list of tokens and know that we have a list of valid words (tokens), we need to make sure our sentence
is grammatically correct. That is, if we have the string

green the truck

You lex this correctly and recognize all three words ("green", "the", "truck") are valid words in the English language,
but you notice this is grammatically incorrect. This is what the parser does. Check if things are grammatically correct or not,
while also storing the sentence in an intermediate form, whether it be a tree, code, or something else.

This is typically done to make the evaluator or generating step easier, but from a linguistic point, we gain informa-
tion just by having something be grammatically correct. Consider the sentence "I like purple"and "I like purple
shirts". By being grammatically correct, we know that in the first sentence "purple" is a a noun, whereas in the second
sentence "purple" is an adjective. It would be harder to identify this if things were not grammatically correct.

Additionally there are many types of parsers that exist so depending on the grammar or what you want to prioritize
using a different parser may be useful . | will be using a Left-to-right Left-derivation parser, that looks ahead by 1 token at
a time or a LL(k) parser. A LL(k) parser is a type of a Recursive Decent Parser (RDP). This means that we will be using a left
most derivation when checking the grammar, reading from left to right. The lookahead by k just means we will be looking
by k tokens at a time (to decide what production to use if needed).

Hence why we may need to change our grammar to match what our parser is capable of. Regardless of which parser you
use, you probably want to have a different data structure of representing the sentence. When talking about CFGs, we used
a tree which is what we will use here. We will be using a Abstract Syntax Tree (AST) which will just make a tree based off the
content of the language. We could make a parse tree instead which makes a tree based off the symbols of our language, but
parse trees focus more on non-terminals (internal nodes) vs terminals (leaves) whereas ASTs focus more on content of the
string.

Let us consider the following Math-ew sentence "+ 2 - 3 4".The parse tree would look like:

E

\E
/1

N
]
2

r-z-

Notice this is more closely aligned with the grammar. Where E is either N or some operator followed by two other E
values.
For an AST, we care more about what is occurring. Here is an AST for the same sentence:

+

/\
7 N\

2 3 4

Either option is a valid output for a parser, but for more complex grammars, we sometimes don't care about all tokens
(like white space or {) or we can represent how some of the tokens are used via the structure of the tree. For example If
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we had parenthesis to show order of operations, the above AST would not need to include them since the structure of the
tree shows that we want to subtract 4 from 3 before we add 2. Hence a parse tree could be replaced with something more
useful.

So if | wanted to create an AST, then | have to consider how to define and design my tree. The nodes in my tree will either
be a number (leaf) or a operation with the subtrees being children of the node. Translating this to code looks like:

type ast = Int of int
|Add of ast * ast
[Minus of ast * ast
|Times of ast x ast
|[Divide of ast x ast

Now we need to make the parser. For Math-ew (and typically other recursive languages), we need to consider the fact
that for a sentence like "- 2 * 2 3", that the character "2" is a stand alone sentence. However we cannot recursively
call here despite the fact that E — N. That is we run into a small issue:

let rec parser tok_list = match tok_list with
[1 -> failwith
|[Plus::t -> let next_expr = parse t in Add(next_expr, ?)

We have no idea what should be in the spot of the question mark. Since parse t would parse the rest of the list and still
have something left over (namely [Mult; Num(2);Num(3)]).

We can solve this problem in 2 ways, either we find some way to figuring out our remaining tokens or we can consider
how our language is structured. Let's do the latter since it's harder.

In our language, we know that any operator will be followed by a number or an expression. Hence, we can mimic our
grammar with our parser like so:

let rec parse tok_list = match tok_list with
Num(x) -> Int(x)
|Plus::Num(x)::t -> Add(Int(x), parse_E t) (x + N E %)

Here, we can break down each branch as an operator, followed by a number, followed by the remainder.

Notice that this also will only match on grammatically correct sentences. So if our sentence was something like "+ - 2
3 4" we would not match and we would probably throw an error. Which means that now all we have left is to take meaning
from the sentence.

10.5 Evaluating/Generating

Now that we have a parser that generates a tree of some sort, now we need a way to traverse through the tree to compute
a final value (at least for an interpreter). We need to create meaning from our AST. So suppose that we have a sentence like:

Colorless green ideas sleep furiously

This contains all valid words in the English lexicon (our lexer says ok), and it is grammatically correct (our parser would make
a tree) but in English this means nothing. The evaluater’s job is to make sure this can be done. We helped this process by
designing our AST in a way that we can easily traverse where each node has meaning.

That is if we consider the above AST, notice that we just need to perform a post order traversal to compute a value. That
is, at the root, we need to process our left subtree and then our right subtree, and then we can add our values together. This
can very easily be modeled with the following code:

let rec eval ast = match ast with

Int(x) -> x

|Add(x,y) -> let left = eval x in
let right = eval y in
left + right
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TA-DA! We now have a way to get a single value from a string. Namely:
eval (parse (lex )) =5

Typically an interpreter will take a program statement by statement and do this exact thing. A compiler will look at a list of
strings (read: text file) and compute an analogous text file.

Notice that technically, the meaning from this evaluator is created purely from what we decided Add would do. Addition-
ally this language is very simple. Once we start adding more to our language, it may be possible that we have something that
follows our grammar but makes no sense. Typically we can fix this by changing our parser, or rewriting the grammar (there
are multiple different grammars that express the same language). In some cases, type checking is done during evaluation
(like in ruby).

Suppose that | had a statement that looked like "x+ 1". In most programming languages this is grammatically correct,
variable added to a constant. However if x = true then trying to do this operation would fail and it would be meaningless.
Some languages get around this by casting, or by creating a new data type or behavior (see javascript and C).

This idea of defining behavior of a language is a branch of semantics. One particular type called operational semantics
is the next topic.
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Chapter 11

Operational Semantics

I am not a fully operational person

Cliff

114 Introduction

Now that we can design a language, we may want to do a few of things, two of which we will talking about here:
 Give meaning to the language
+ Prove correctness of a program

Both of these goals can be achieved through the use of operational semantics. Semantics referring to the meaning of a
statement, and operational referring to how something operates.

11.2 Meaning

If you ever take a philosophical linguistics course’ you talk about some weird things that happen in languages, but you also
talk about how meaning is sometimes attached to words. Slang in particular falls in and out of favor so figuring out how
we attach additional meaning to words is always brought up. How would you define "vibe" to a non-native speaker when
saying something like "Did not pass the vibe check"? How would you describe "mid" in a sentence like "Cliff was pretty mid
last semester"? Operational semantics is a way to help describe the meaning of a statement in a programming language.
Analogously, how do you describe the sentence 'fun x -> x 3’ to someone unfamiliar with functional programming?

There's plenty of ways that you can describe meaning. In programming language theory there are typically three major
ways: denotations semantics, axiomatic semantics and operational semantics.

« Denotations: describe meaning via mathematical constructs
+ Operational: describe meaning via how something operates
+ Axiomatic: describing meanings via axioms

How | think about (and | am sure that people more in both the linguistics and PL space would be mad at me) is that
denotational semantics is by giving a definition. For example: ""Blue" refers to light waves that fall in-between 450 and 495
nm’. Axiomatic semantics gives examples. For example: 'the sky, the ocean, and that person’s eyes are blue’. Operational
semantics describe how we use it. Example: "Blue" is referring to a shade people see between green and violet'.

So when we talk about the meaning of a program, we want to talk about it in terms of how the program operates. More
specifically, we use operational semantics to communicate language design ideas. If we want to talk about another language

"Would recommend Phil360: Philosophy of Language with Alexander Williams

107



108 CHAPTER 11. OPERATIONAL SEMANTICS

however let’s use some terms to help us. If | want to talk about some language x, then | will refer to x as the target language.
The language that | will be describing x in, I will call the Meta-language. So If | want to talk about OCaml, then OCaml will
be the target language, and English will be the Meta-language.

11.3 Correctness

When we talk about correctness, we basically mean, does the program run how we expect it to run? Can | prove that+ 2 3
returns 5 in Math-ew? How can | prove that (+ 2 (* 3 4)) returns 14 in LISP? The answer to this is not much different
than proving that ((p A g) A (p = r) A (g = r)) — r. Namely, we can make a proof:

PAG
p=r
g=r
r

That is, if we know rules of things, we can derive new things. Suppose that we know that 3 * 4 = 12 and we know that

12+2 = 14. If we know these rules that we can say something like2+3%4 = 14o0or (+ 2 ( * 3 4)) returns 14. However
instead of using defined rules of algebra or logic that we know, we are going to use defined rules of the target language.

11.4 Operational Semantics

Let us define a very basic language Alanguge:

e— n
— e?e
n— 0[12[3]...

A has really two statements that exist in the language. Let us make a rule that describes what we should do when met with
either of these two statements.

If the statement in A is just n, then | want to evaluate to myself. So 3 should evaluate to 3, and 5 should evaluate to 5.
This rule is pretty basic and so we could say this is an axiom in our language, or that we don’t need proof to say that 3 is 3.
So we use the following notation:

n=n

This is just a conclusion, or something that is true in and of itself.

On the other hand, if | am given a statement that looks like 374 | want something to be evaluated to a value. In A, | want
to use ? to add its two operands. So | may need to have a rule that describes my two operands, and what | should do when
| see something that looks likee ? e.

e = m e = Ny nsisni+ny

er1?e = n3

This is to say that e1 and e, are some expressions, and that e1 will eventually evaluate to some number, nq, while e
will eventually evaluate to some number ny. We then need to describe that we want to add the two numbers together to
get a final value: n3 is n1 + ny. This part is described in our meta language. We then want to show that if these statements
are true, then when we see e1 ? e, that we want to return ns3, whatever that is.

This particular example that uses ? instead of +, is just to show you that we can just arbitrarily use symbols to stand for
symbols and as long as we describe what this symbol does in our target language, then we can show you a rule of what is
supposed to happen.

Now that we have our two rules to match each thing in our grammar, we can start making proofs that show what would
happen if we had a statement like 4 ? 3.

In this example, looking at our grammar, we can see that 4 is e; and that 3 is e;. We also know that, 4 and 3 are just
numbers which we know evaluate to themselves. So constructing a proof of correctness for the statement 4 ? 4 using the
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above two rules would look like:
4=4 3=3 7is4+3
4237
That also means that we could prove larger expressions such as 374?5. Here | will assign 3 to e; and 4?5 to ey, but you
could instead say that 3?74 is e and 5 is e5. For this particular rule it does not matter, but depending on the operation, you
may need to give more information so you don’t get this ambiguous parse. The proof is as follows:

4=4 5=5 9is4+5
3=3 4?5=9 12is3+9
32425=12

As we add more to our language, we need to add more rules to our operational semantics. Let us consider the language
Blanguage:

e— n
— e+ e
-V
— letV=e¢eine

n— 0|1]2|3]...

V = a|blcld|...

I have changed the ? symbol to a + since we know that we just want to add the sub-expressions anyway. Additionally, we
have now added variables to our language. By adding variables, we need to add something to our operational semantics:
an environment.

Simply put, an environment is a mapping from variables to values.An example environment could be something like
[x:3,y:4] We will denote an arbitrary environment with the character A. We will also need to update our rules to incor-
porate this environment. Let’s first update our rules. The updated number and + rule are:

An=n

Aer = m A;er = ny n3isny +ny

Aer + e = n3

What this means is that each expression ey is being evaluated with the environment A. So suppose that we have previ-
ously bound the variable x is to the value 4. If we want to evaluate the statement 6 with this environment, then the proof
would look like:

Ax:46=6
I still include A because there are probably other environment variables that we are unaware of.
However, this is quite a boring example. What we may care about is how to look up a variable in our language. That is,
what is the rule for e — V'? If we want to evaluate V into a value, we need to look up that value in the environment. Thus,
our rule has to describe this process. Conventionally, we do this in the following way:

Ax) = v
Ax=v
So if had previously bound the variable x to the value 4 and wanted to look up x, it would look like:
Ax:4(x)=4
Ax:4x>=4

This rule looks like it's just a repetition of a line, but recall the idea of the target language and the meta language. The
conclusion is describing the target language, while the premise or hypothesis is describing what to do in the meta language.

We did do this a bit out of order. Before we can look up anything, we would have first needed to bind something. So
let's describe the rule of e — let V = e; in es.



110 CHAPTER 11. OPERATIONAL SEMANTICS

In this case, following OCaml (this is not always the case), before we bind a value to a variable, we want to evaluate the
expression e1 to a value and then bind that resulting value to the variable. Then we want to use this new binding when we
are evaluating the expression e;. Consider let x = 3 in x + 1. x+1 is the body and the binding we just made x = 3
should be used when evaluating this. The rule that describes all this is the following:

Ael=>v A Xx:ver = e;3

letx =ejine; = e3

So in this case, we are evaluating e to a value v, and then adding this binding to the environment when we evaluate e;.
Using these rules, let us show a proof of correctness that let x = 3in x + 4.

Ael>v A Xx:v,ep = e3

letx =3inx+4 = e3
In this case we identify that 3 is e; and x + 4 is e,.

A3=>v AX:Vix+4= e3

letx =3inx+4 = e3

We know that 353 SO

A3=3 Ax:3,x+4= e;
letx=3inx+4 = e;3

We then want to use our plus rule when evaluating x + 4

A x:3e4 > m A x:3,e5 > ny n3is ny+ny
A3=3 Ax:3,x+4 = e;
letx =3inx+4 = e3

Here we can do what we did above an notice that in x + 4 that x is e4 and 4 is es.

AXx:3x—>m .
Ax:34=>n n3isny+ny

A3=3 Ax:3x+4= e;
letx =3inx+4 = e3

Based on our variable lookup rule we can say that x = 3 makingny = 3:

Ax:3(x)=3
Ax:3;x—>3 Ax:34—>n n3is3+ny
A3=3 Ax:3x+4= e;
letx =3inx+4 = e3

We know that 4 evaluates to itself:

Ax:3(x)=3
Ax:3x—>3 Ax:34—-4 nyis3+4
A;3=3 Ax:3x+4 = e;

letx =3inx+4 = e3

and we know that 3 + 4 is the value of 7

Ax:3(x)=3
7is3+4
Ax:3x—>3 Ax:34—-4
A3=3 Ax:3x+4= e;

letx=3inx+4 = e;3
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Thus we know that ej3 is the final value of the expression.

Ax:3(x)=3
Ax:3;x—>3 Ax:34—-4 7is3+4
A3=3 Ax:3x+4=7
letx=3inx+4=7

One point of confusion is what happens when we have a statement like let x = 3 in let x = 4 in x + 5. We
would eventually get to a point where we have to evaluate A, x : 3, x : 4; x. The question of which x you use is dependent
on the the rules you have. In this case, | am adding any new binding to the end of A (A, x : v; e) which means in order to
get the scope correct, | need to choose the right most binding in the list.

Now that we have some more rules, we can keep adding things to to our grammar (to our language) and write more rules
for how they should act.

Let us consider the language Cl/anguage (not to be confused with C):

e— n
— e+e
-V
— letV =¢eine
— B
— ifetheneelsee
n— 0|1]2|3]...
V = alblcld|...

B = truelfalse

We should add some rules to incorporate these new values.
Let's start with our basic values of true and false.

A;true = true A;false = false

Moving onto our if rule, we have a few things that we could do. Here is one way to describe what to do:

A er = v Aer > v Ae;s > v v4 is vp if vy else v3

A;if e; then e else e3 = vy

This doesn’t really tell us much and it tells us to evaluate e3 even if el is true. This doesn’t seem correct since we don’'t
want to run code found in an else block if the guard is true. Perhaps we need to be more verbose about it:

Ae = v Aers > v vy == true

A;ifejtheneyelsees = vy

This rule tells us to return v; if the hypothesis vi == true is valid. See this example:

A;true = true A3=3 true == true
A;iftruethen3else4 = 3

If we had tried to prove something like the following:

A;false = false A3=3 false == true
A;if falsethen3else4 = 3

Notice that we get an invalid proof: false == true is logically incorrect and thus we couldn’'t make a valid proof. If we
can't construct a valid proof, then we can say the program will not run how we claim it will run. Thus, we need to also add a
rule about when the guard is false:

A er = v Aes = v vi == false

A;ifejtheneyelsees = vy
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This means that we may need multiple rules to describe the behavior or meaning of one sentence. To describe the meaning
of the if e1 then e; else e3 sentence, we needed the two rules:

A er = v Aier > vy vi == true A er = v Aes > v vi == false

A;if e; then ey else e3 = vy A;if e; then ez else e3 = vy

Altogether, the rules for Clanguage is:

A n=n A;true = true A;false = false

Ax)=> v Aiet = v A X:v,ep = e3 Aer = m Aies = ny n3is ny +ny
Ax=v letx = ejine; = e;3 Aer + e = n3
Ae = v Aer > v vy == true Ael = v Aes > v vy == false
A;if ej theneyelse es = vy A;ife; theneyelse ez = vy

11.5 Definitions interpreter

Let us go back to our very simple A/language. Recall the idea of Operational Semantics is to give meaning through how
expressions operate. This is the basis of the idea of an interpreter. How a statement should evaluate is what the interpreter
does. Thus, we can easily make an interpreter that is analogous to the operational semantics of a language.

Consider the rules of Alangauge

An=n
Aer > m A er = ny n3isny +ny
Ae; + eg = n3

If we consider the premises and the final result of each rule, we can model an interpreter to do exactly what we specify
in the rules.

Assuming we have a lexer and parser implemented and a type for both Numbers and an Add construct, we can write an
interpreter that follows the above rules:

def rec eval expr env= match expr with

Num(x) -> X

|Add(el,e2) -> let nl eval el env in
let n2 eval e2 env in
let n3 = nl + n2 in
n3;;

In moving to BLanguage, we gain more rules:

A(x) = v
Ax=v

A;e1=>v A,X:V;ezﬂe3

letx =ejine; = e3
We can then update our interpreter accordingly:

def rec eval expr env = match expr with
Num(x) -> x

|Add(el,e2) -> let nl eval el env in

let n2 = eval e2 env in
let n3 = nl + n2 in
n3

|[Var(x) -> let v = lookup env x in
v
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|Let(x,el,e2) -> let v = eval el env in

let env’ = update env (x,v) in
let e3 = eval e2 env’ in
e3;;

This assumes that we have an function that adds variable and value pairs to the environment and a function that looks up
a variable in the environment.

def rec eval expr env = match expr with
Num(x) -> X
|Bool(x) -> x
|Add(el,e2) -> let nl

eval el env in

let n2 = eval e2 env in
let n3 = nl + n2
n3
|Var(x) -> let v = lookup env x in
%
|Let(x,el,e2) -> let v = eval el env in
let env’ = update env (x,v) in
let e3 = eval e2 env’ in
e3;;

|If(el,e2,e3)



114 CHAPTER 11. OPERATIONAL SEMANTICS



O 00N O &~ W N A

Chapter 12
Typing

| find typing really fun, but all my
friends think its keyboring

Klyiff

124 Introduction

Typing is more than just the process of hitting keys on a keyboard. In the programming language space, typing refers to cat-
egorizing types of data and how to determine how to use the data given to you. Fun fact: typing came from philosopher and
mathematician Bertrand Russell *. This was then later used to make a simply typed lambda calculus (future chapter) which
some can argue is the basis for all typed functional and imperative languages. We don’t care about that and it's soundness
here but just a fun fact for you to know.

Let’s first begin by considering the following:

(* Invalid Ocaml x)
let £ () = if 1 then 3 + 5 else 'a’

(* Valid python x)
def f():
if 1:
return 3 + 5
else:
return

1o

a

These two programs seem to do similar things, but this only works in one language and not the other. This is because
their type system is different. A type system is a series of rules that do two things (kinda). First they assign a type to val-
ues/expressions/variables (kinda). Second, they describe what you can do with values/expressions/variables of a certain
type.

We can ultimately say that a type is a identifier that describes a property of something. For example, Cliff’s hair can
fall under the type of 'black’ because it has certain properties we associate with black (eg. absorbing a certain amount of
light waves preventing the reflection of the visible light spectrum). We could say that 42 is a real number because it has
properties we associate with real numbers: being on the continuous number line. 42 is also a integer because it has certain
properties (being a whole number for instance). Colloquially, you may hear someone say: "Wow you're my type" 2 and this
kinda means that you fulfil all typical attributes someone likes.

See Russell’s Paradox
2] assume, | wouldn’t know
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For programming languages, we think of types as data types. 5 is an int because it fulfils certain properties (stored in
4 bytes in base 2 for examples) whereas 1.2 is a float because it fulfils different properties (stored in 4 bytes using IEEE-754
standard).

However, what is known as type checking is typically what people think of when they think of typing. This focuses on
the second point: applying the typing rules to determine what can be done with certain data types.

12.2 Type Checking

Let us go back to the earlier example we provided:

(* Invalid Ocaml x)
let f () = if 1 then 3 + 5 else 'a’

(* Valid python x)
def f():
if 1:
return 3 + 5
else:
return

rar

a

If we tried to run the OCaml code, something would prevent us from compiling the code because of a few reasons. UTop
gives us the following reason: "[1] has type int but an expression was expected of type bool because
it is in the condition of an if-statement.". However, the python code runs fine as is. We said this is because
their type system was different. Now that we know the definition of a type system, we can say that the rules oh how we
use data differs in each language. In OCaml, we cannot use int types in the conditional check. In Python however, we are
allowed to use ints to do so. Another example is that OCaml puts a restriction on what can be added to an int (just other
ints), whereas Python has a less strict rule system about what you can add to an int.

In order to check the types, a type checker has to run. This is typically done before the code is run (static type checking)
or during code execution (dynamic type checking). A type checker’s rules is similar to operational semantic rules, except
instead of talking about what occurs, it describes what is allowed to occur. Let’ see an example.

12.24  Our First Type Rule

Let's begin with our very first rule.

G+ true: bool
Let us define some things. Very much like the environment in operational semantic rules, we need something to store data
for our type rules. In this case we will call it G, the context. Thus, we can read this rule as "the expression true has type bool
in the context G". Much like the environment A, G is a partial function that maps variable names to types. We will get back
to this in a bit, let’s first see some more rules:

G+ false: bool Gtrn:Int

These are constant rules which say that false will always have type bool, regardless of the context, and an integer constant
will always have type int. With this as our basis, what about variables which could vary? We now go back to examining the
context G.

We said that G was a function that took in a variable and returned a type. We could say that for some variable x, G(x)
would return x’s type. Put into a rule, we could say the following:

Grx:G(x)
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Simply put, given a context G, x evaluates to type G(x). | like to write this rule however as the following:
G(x)=t
Grx:t

Just makes it similar to how | write my Operational Semantic rule for variable lookup.

12.2.2 Type Restrictions

Now that we have some basic type rules under our belt, we can discuss some rules that put restrictions on what what certain
expresions can be. Let us start with the OCaml if expresion.

Gt eq:bool Grey:t Gres:t
Gtrifeltheneyelsees:t

This says that given some context G, if e; has type bool, and e, and e3 both have type ¢, then the expression if e; then e else e3
has type t. This only holds true if e is a bool. If this rule cannot be held, then the type checker will return an error.

Let's see some more rules.

Gtrer:int Gtrep:int Gr+:int —>int —int

Grei+ey:int

G+t eq:bool G+ ey:bool G+ &&: bool — bool — int
G+ el&&es:int

Gre:int Gt eqg0:int — bool
GtreqgOe: bool

Gtreg:t Grey:t Gr=t >t — bool

Gtrel=ey:bool
Notice there is a restriction placed upon the expressions which dictate how each operator is to be used. For example, the +
operator can only work on ints. For the penultimate rule, let us assume there is a function called eq0 which returns true if
the input is 0 and false otherwise. Another interesting note is the last rule. The restriction is not upon any particular type,
but that the two arguments must be of the same time.

12.2.3 Let and Functions

Technically let expressions are the internal workings of a function call which is why I grouped let expressions and functions
together, but this is outside the scope of this class (kinda. See lambda Calculus).

When talking about let expressions and functions, we will start to need to extend the context, as well as use it to store
data. We will start with let expression before moving to functions. Below is an example let expression type rule for the

OCaml language:
Grer:tg Gx:tirey:ty

Grletx=ejiney:ty
This says that if e; has type t1, and if in the extended G context with the binding of the variable x to the type tq, the ex-
pression 5 has type t,, then the expression /et x = eq in ey has type t).

Moving onto functions, we will be using the anonymous function syntax of below:

G,x:tire:t
Grfun(x:t) > e:(t; ot

This one is tricky. To read this we say, that if we have a function which takes in a parameter x which has type t1, and has
an expression e that has the type t; in the context G, x : tq, then the expression fun x — e hastype t; — t,. This can
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then be chained as needed for any function through currying.

Lastly we have the function call. This requires us to use the above function type rule as a basis.

Gtrer:(t; = ty) Gtrer:tq
Greler:ty

This says that in some context G, if e; has type t; — t5, and e; has type t1, then the expression e; e, has type t,. Notice
how this is just a generalization of the let expression3.

12.2.4 Type Proofs

Now that we can read rules, we can now make proofs about the types of expressions we have in OCaml. Very much like we
can use OpSem rules to proove correctness of a program, we can use the previously defined rules to make a proof about
the type system for the language.

For example: consider the type proof for the expression: let x = 3 in if true then x else x + 3

G,x:int+ x:int G,x:intv+3:int G,x:intv++:(int > int — int)

G,x:inttr true: bool G,x:intr x:int G,x:int+rx+3:int

Gr3:int G,x:intvif truethen x else x + 3 : int

Gt letx =3iniftruethen x else x + 3 : int

Notice how this is very similar to OpSem proofs, but instead of showing what everything evaluates to, it instead shows
the types of everything. It is important to note that if a proof cannot be made, then it fails to type check.

12.2.5 Subtyping

For the most part typing is an ontological problem. Ontology deals with figuring out what it means to be something. We said
earlier that for data types, it is typically the case that an entity x is type t because it has properties associated with ¢. In
the introduction we said that 42 was an real number because it has properties that real numbers have. For philosophers,
many ontological ventures try and figure out the core properties that make something itself with no overlap. We don't care
about that. We acknolwedge that some things share properties. Again, 42 is both a real and an integer. Subtyping talks
about entities that have multiple properties.

Let's consider the very classic example of squares and rectangles. We say that all squares are rectangles. That is whie
squares have square properties, squares also have rectangles. So we say that squares are a (sub)type of rectangle. In
particular, we can apply the Liskov substitution principle, what talks about types S, T and some property P.

Subtype(S,T):¥Vx e T.P(x) > Vy € S.P(x)

This basically means that if | can use S where | expect T then is S is a subtype of T. In terms of properties, if all values of a
type T have a property, then all values of a subtype S also satisfy that property. For example: A property of a rectangle is
have four internal right angles. All Squares satisfy this principle. Sure, Square satisfy more properties (eg. having the same
length and width), but they also satisfy all rectangle properties. Because we are talking about satisfying properties and not
the number properties, subtypes are more specific than their supertype.

With this in mind, we can now consider why (or why not) 0OCaml and C disallow/allow the addition of ints and floats. In
0OCaml, the only type rule about the + operator is something like the following:

] Grej:int Grep:int (+) :int > int — int
(ocaml —int — add)

Grel+ey:int

whereas something in C could have something like:

3Consider that /et x =3in x + 1isthesameas (funx — x+1) 3
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Grej:int Grey:int (+) :int — int — int
(c — add)

Gtrel+er:int

Grej:float Gtrey:float (+) : float — float — float

— add
(c - add) Grej+e:float
Grey:float Grey:int (+):float — int — float
(c — add)
Gtrei+ey:float
Grer:int Gtrep:float (+4) :int — float — float
(c — add)

Gtrej+ey:float

However if we generalize ints and floats to a larger supertype (like numbers), we can use one rule:

Gt ey :number G+ ey: number (+) : number — number — number
(c —add)

G+t el +ey:number

Now all we need is some way to say that ints are numbers and floats are numbers. We can do so by introducing a subtype

rule: ] ]
Grn:int int <: number

int—num
( ) G+ n:number

The <: means subtype“. So we read this as "In the context G, n is of type number if n is of type int in the context G and that
ints are a subtype of number". We can then say something similar with floats:

Gtrn:float float <: number

floats —
(floats — num) Gt n:number

These rules can be abstracted away to a general subsumption rule:

Gre:S S<T
Gre:T

It is important to note that subtypes are reflexive and transitive:

X <i X X<iyANy<iz=x<:z

Records

Many record-supported languages (OCaml included) will use subtyping to typecheck records. With OCaml records, there are
3 main subtyping rules to consider when type checking records.

First we can say that if we have a record like {x : /nt}, then we can say this is a record with a label x that is of type int. As
discussed earlier, a subtype is a more specific type of its supertype. So in this case, any record with a label x that is of type i nt
is its subtype, irregardless of how many other labels and types are in the record. For example {x : int; y : int} <: {x : int}.

This is because a longer record is more informative and hence describes a smaller number of entities. To formalize this
rule we can say the following:

{/i . Tii€1...n+k} < {// . 7—ii€1...n
All this says is that records with labels /1, /5, ..., /1« are a subtype of records with labels /1, Lo, .../, (assuming the label-type

pairs are the same: {x : int; y : float} £: {x : string}).

Additionally, the types of the individual fields (of a particular label /) can be subtypes of each other and that also is fine.
For example: {x : int} <: {x : number}. We can generalize this with the following rule:

Vi.S; <: T;
{/i . s/{e1...n} < {/i . 7-iie1...n}

4L is an alternative notation. | like <: because you can actually type that on a keyboard
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To put the past two rules together we could say {x : int; y : {a:int;b:int}} <:{y :{a: number}}

The last rule is pretty straightforward: the order of the labels should not matter. So {x : int;y : string} <: {y :
string; x :int}.
Functions

Functions can also be subtyped. For functions, our input can get more general while our output gets more specific when
mvoing from type to subtype. This is represented as:

U<:8§ T <P
S>T<U—>P

Using our square-rectangle idea:

- If our function takes in squares, then it takes in entities that satisfy rectangle properties.

« If our function returns rectangles, then it can also return any square.

12.3 Type Systems

The question may then arise: "why do so many type systems exist?". Ultimately because the language philosophy is tied to
the type system. Languages were designed a certain way to solve problems, and the type system reflects that. | don't need
a type system that enforces buffer-overflow checks if there are no arrays in the language. So in this regard, we categorize
type systems based of properties the type system and how these properties effect the language itself.

One property we do care about a type system is how useful it is to enforce good and bad programs. In something like
OCaml if 1 then true else "a" is a bad program, and ocaml will not compile it. OCaml's type system rejects this
program. This is good because it saves runtime crashes later down the line.

In this context, a type system may have the following (but never all 3):

- Soundness
« Completeness
« Decidability

The first is soundness. A sound type system will reject all bad programs. The easiest sound type system will reject
everything. This is because soundness doesn't care about accepting good programs. If | reject all programs, then | do end
up rejecting all bad programs. Sure, | end up rejecting good programs, but that's not part of the definition.

The second is completeness. A complete type system will accept all good programs. The easiest complete type system
is one that accepts all programs. This is because completeness doesn’t care about rejecting bad programs. If | accept all
programs, then | do end up accepting all good programs. Sure, | end up accepting bad programs, but that's not part of the
definition.

Consider the following Venn-diagrams:
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All Programs All Programs

Says is good

bad programs

If a type system is both sound and complete: then it rejects all bad programs, and accepts all good programs. This is
ultimately the goal, but this cannot be practically achieved. This is due to the last property: decidability.

Decidability is a property of the type system implementation. If we wrote a type checker, the typew checker would have
to come back and say yes or no: accept or reject the program. The issue here is, in order to do this, you would need to be able
to analyze every possible program that could exist, and doing so reduces down to the halting problem. The halting program
is a problem that has been proved to be undecidable, that is there is no possible solution for general purpose programs.
The halting problem states: there is no program that can check to see if a all general-purpose programs will terminate or
not. That is, for all programs p, there is no program H that can exist where H(p) is true for all p (where H(p) is true if the
program halts and false otherwise).

If we cannot check if a program terminates, there is no way to type check the entire program. So type checkers will
prematurely end early with a result of accept or reject. Because it prematurely ends, it can either to reject unknown or
accept unknown programs. Thus, a practical type checker can be sound or complete, but not both.

This leads us to talk about properties of programs. The two properites are:
« well typed vs ill-typed
- well defined vs ill-defined

A program is well typed if the type system accept it. A program is ill-typed if it is rejected by the type system. Something like
if true then false else trueiswell typed in OCaml, whereas if 1 then true else "a" isill-typed in OCaml.

A well-defined program is one where all aspects of the program have a semantic definition. An ill-defined program is
one where there is no semantic definition in the language. For example:

#include <stdio.h>

int main(char*x args){
intx buff;
printf( ,buff[4]);
return 1;

}

This C program is well typed - this program will compile. But there is no definition or deterministic behavior from this pro-
gram should we run it. Reading out of bounds in C has unspecifiec behavor. Hence it is ill-defined.

Additionally, we could have programs that are well-defined but won't be accepted by the type system. For example:
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let fg=1(91, 9 ) in f (fun x -> x)

We can look at this and understand that this should probably returna int * stringtuple of 1, "hello", but this is not
actually allowed in OCaml.®

Then, putting all this together, we can say a language is type safe if all well-typed programs are well defined. Typically
this is really hard to prove for very large languages (and | suspect most of them aren’t completely type safe) but it's accepted
that baring a bugs in the language implementation, if the language has an intended meaning, then its type safe. So C is not
type safe because C knows and accepts that there is undefined behavior in the language. Python on the other hand, says
that throwing an error/crashing is expected behavior so its typically considered a type safe language.

12.4 Type Inference

Made with help from Maya Popova

12.41 Introduction

In languages like OCaml where we do not explicitly have to tell the compiler the types of data, but we still want to statically
type check, we need to be able to infer the types of data and variables in order to determine if we are using values correctly.
Many languages use’s a Hindley-Milner algorithm to perform type inference and we will talk about parts of it here.

If you're observant, you may have noticed that in all the examples we've given, we either ask you about pre-created functions
(like eq) or we tell you the expected type for the parameter (like fun(x : t;) — e1) instead of just funx — ej. This is
because the latter case requires type-inference, not just type-checking.

Let's skip back to when we were learning about typing OCaml expressions. An expression like 4 is simple to type - we
know 4 isan int. Similarly, et x = 4inif true then x or x is simple to prove, because we know x has the type of the
value it's bound to, which is /nt, and so we can keep track of this in the environment and find that the full expression must
also have type int.

However, when working with functions, things become more interesting. Let’s consider this example.

funx —> 1+ x

You, a human (probably), can pretty easily tell me that this is an int — int function. But if we want to tell a computer
to do this, we need to understand exactly what's happening at each step. We begin by realizing that this is a function. Being
a function, the final type will be in the form (type of x) — (return type). Since x is a parameter, we can’'t know
anything about it yet! So we have to move on to try and find the return type by finding the type of x + 1, without having
added anything to the environment.

1+ x

Okay, this is +, which we know is an operator that can only act on two ints and return an int. We know trivially that 1
is an 7nt. But what about x? We don’t know anything about x! The type of x isn't in our context (environment) G yet, so
when we try to find its type, we fail - undeclared variable! DeclareError!

Clearly, this is not correct. But given the rules we've seen so far, we don't really have a way to do this. Step 1 of getting
around this is that when we encounter a new variable that we can’t yet know anything about (since it's being declared as a
function parameter), we have to give it a temporary type, say ’a, and put it in the context. Now let’s go back to the body of
the function 1 + x, knowing that the type of x =’a.

Again, this is +, which we know is an operator that can only act on two /nts and return an /nt. We know trivially that 1
isan int. But what about x? Now we know what x is - it's type " a! Great - that's not exactly an /nt, but it could be, so that’s
fine. So not only can we say that there is no type error and the body/return type of the whole function is /nt, but we can
also say that we now know that ’a must = /nt. We have found a constraint, C, that says'a = int.

This is great - we now know the input type is ’ a, the output type is /nt, and the "constraint" that "a = int. So we can
"unify" the constraint with the type, and get full type int — int. The next two sections will talk more about "constraints"
and "unification", and the section after that will talk about a problem that a naive approach to doing this might face.

5This is called paramatric polymorphism or rank 2 polymorphism
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12.4.2 Constraints

Ultimately, when performing type inference we are going need to figure out what things are based on how we use them. We
are "constrained" by how we use values. If | say something like x = 1, we can restrict x to type int. This is the basis of
constraint-based type inference.

To see an example of this, let's look at this if expression. To be simple, we're gonna look at x and y as valid variables
whose type we don’t know yet without explicitly thinking about this in the context of a function.

if x then y else 4

In this example, we can constrain x to a bool because it is a guard expression, and y to be the same type as 4. Since 4 is
a constant, we know its type as an int, meaning we can assume y to be an int. From an algorithmic standpoint, we could
create a rule like the following:

Gtrer:t,Cy Grep:t), O Gres:t3,Cy
Grifejtheneyelsees: t,Cy UC,UC3U {t] = bool,t =ty t =ts}

We can read this as: Given some context G, the expression if e; then e; else e3 has type t with some set of constraints
C1UC,UC3U{t; = bool, t = ty, t = t3}. The first three sets of constraints C; are the combination of all the constraints
created in all the sub-expressions e1, ez, €3, and three new constraints are the following:

+ The type t; (the type of the guard) must be constrained to a bool
« The return type ¢t should be the same as the type of e;: t;
» The return type t should be the same as the type of es: t3

Due to transitivity, the last two constraints also say that e; and e3 should have the same type. We could have also just said
that t, should be equal to t3 and that the output type is t,. Eh. We also could have written those constraints on the top
line, but it makes more sense to have them alongside the /f itself, since the use of /f specifically gives us those constraints.
Regardless, we have an idea of how we can put constraints and type inference into our typing algorithm.

For expressions where no inference is needed, we can make the constraint set empty:

Grn:int,{}

So, putting that together, here’s a filled-out type inference proof for the original expression (let's say we called y type
a and x type b earlier as our "placeholder" types.

G,x:a,y:b(x)=a G,x:a,y:b(y)=>
G,x:a,y:brx:a/{} G,x:a,y:bry:b{} G,x:a,y:br4:int,{}
G,x:a,y:brifxthenyelsed:t,{}U{}U{}U{a=bool,t=0b,t=int}

So the final type is t with the constraints {"a = bool,t =’ b,t = int}. None of these constraints are contradictory,
and we can unify these together to find out that the full type must be /nt.

12.4.3 Unification

Once we have a list of constraints and the type of an expression, we can start applying the constraints to the type. This
process is typically called unification. Unification will only unify useful constraints. If our constraints say something like
bool=bool,thenitis notuseful. Let's consider we have thetype: 'a -> 'b -> boolandthe constraints {'a="b, "b=int}.
If we go through and unify, we should get that the final type should be int -> int -> bool. Additionally, if we get a
conflicting constraint, like {¢; = int;t, = bool, t; = tp}, then we should fail to type check and throw an error or some-
thing.



;2 W N A

=y

124 CHAPTER 12. TYPING

12.4.4 Let Polymorphism (in OCaml)

So, we now know the general idea - first, type check as normal. If you can’t know the type of something (like if it's a parameter
of a function), give it a temporary value. Then, if we later find out that there is a constraint, save that constraint. Finally, at
the end, unify the type with the temporary values in it with the set of constraints, and as long as there were no conflicts, we
are good to go!

...0r are we? Consider the following:

let f x=x1:"a ->"'a

We know here that f is a function that takes in some type 'a and returns that same type. Hence we can do both of the
following:

let f x = x in

f true (*x returns true:bool x)
let f x = x

f 3 (* returns 3:int x)

Consider what we can also do:

let f x = x in
if f true then f 1 else f 3

If we tried a naive approach to type inference, we might first find that f is some type a — a. Then, we might first infer that
aisa bool because we first see f true in the guard, and add the constraint 2 = boo/. Then, when we see f again in the
true branch (f 1), we see that we are calling f with an input of type int and add the constraint 2 = /nt. Same in the false
branch.

Oh no! One constraint says unknown type f istype boo/ — bool and the other says unknown type fistypeint — int.
This is a constraint conflict, and so our type inference fails.

None of this is what we want to happen - our function is already defined fully and so we don’t need to constrain it. We
can apply all kinds of different types 'a, 'b, 'c... to f, and they should all always work.

Let's consider our type checking rules for let, fun, and if expressions:

Grer:ty G,x:ti1+tey:ty G,x:t1re:ty G+ er:bool Grep:t Gres:t

Grletx=ejiney:t GFrfun(x:t)) > e:(t) > t) Grifeltheneyelsees:t

So let's write our proof about let f = fun x -> x in if f true then f 1 else f 3.1 will skip a few steps
for readability.

G,x!arxa G,fa—"ar+ f true: bool G,fYa—>"ar+f1:int G,fYa—>"arf3:int

Grfunx > xa—"a G,fa—"atriff truethenf Telsef 3
Gtrletf = funx > xiniff truethenf 1elsef 3

If were to one-to-one our type checker with this proof, we get an issue: on the top right, 'a should be both a bool and an
int. This is because we are reusing the type 'a and are assuming that "a should be a single type, not a variety of types.

Let's rewrite this proof, but now using a different name for the polymorphic 'a each time we want to use the function,
so that we don't assume that it should be a single type across each instance.

G,x'arxa G,f/b—"bt+ ftrue: bool G,f c—"crf1l:int G,f d—->"d+f3:int
Grfunx > xa—"a G,fa—’ariff truethenf lelsef 3
Gtrletf = funx — xiniff truethenf lelsef 3

We now say that ’a could be any of the following: 'b, ' ¢, 'd. The meaning is the same, but we avoid the issue that forces
f to appear as if it has to "change" type rather than just accepting different types when it needs to.

To truly fix this issue, we shouldn't store f asa 'a -> "a function. We need to introduce a new type: type scheme.
Basically, we want to store the concept that fistype "a -> 'a, butalso be fully aware that ’a can take in any value without
having to create a new constraint about it.

The notation for a type scheme looks like: Label. type. It saysthatall labels (where a label is something like "a, 'b, "¢, etc)
will be used in the following type.
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For instance, the function we just talked about would be stored like 'a. "a->"a. When we apply it to an /nt, we can
briefly consider the label ’a to be a totally new label b for this application, so we have a temporary type for the function
'b -> ’b, and we can create the constraint only from {’b = int}, leaving the original ’a alone.

Formally, a type scheme says that a polymorphic type works for all values. Sometimes, it is written as Va.t. For all
possible values of the labels a, this thing has type t.

When | first learned this, | found it confusing. Here is how I think about it. fun x -> x should have the type 'a ->
"a. This should be true for all input values. So we can say, for all inputs of type ’a, fun x -> xwill take in types of "a and
return something of type 'a. Thus, we can say fun x -> X hastype "a.’'a->"a. Then, when we instantiate a particular
callto fun x -> x(like in the case of an application), we can fork off a new copy of this function which will have type 'b
-> "bwhere "b is a type not used before.

One thing to note is that this is used only in let bindings in the form of let x = e; in e;. We find the type of e,
and if it is a function, we calculate e, using the idea of the scheme. However, the type of e itself is still just a regular arrow
type, not scheme. This new type scheme will never be returned, it's just used in the algorithm.

Let's see an example: To begin, let’s first include some rules we need. We are going to be using a new helper function,
make(ty), which will create a "totally new" polymorphic type that has never been used before.

look G(x)=t p make(ty) G,x:tyre:t,C4
(var—loo uP)Gl—e:t,{} (fun) Gtrfunx > e:ty > t,Cy

make(tx) Gtrer:t),C Gtrep:ty, Oy
G+t e ez:tx,{ﬁ =t2—>tX}UC1 UGy

(app)

Then let's prove let id = fun x -> x in if id true then id false else id true. | will only show part of
this since | only want to highlight this idea of the type scheme. | also will not include constraints here.

G,id ! a’a —' a(id) = new_version

!’
G.x:t1(x) =t make('2) Gidva'a— arid? b—'b
make(t) - ’ -
G,x:t1+x:t G,id! a’a—" ar+idtrue: bool
Grfunx - x a—' a G,id? a.’a—" avifid truethen falseelse true: bool,C : t,

Gt letid =funx — xinifid truethen falseelse true: bool,C
There are a few things here:
« make () will make a new type, useful when making a new 'a or something

- new_version will fork the version of the type scheme to a new typed function. This only occurs when var-lookup
returns a Type Scheme

- Notice that when we put id in the environment, we make it a type scheme. This basically flags the id lookup rule to
make a new version when its used



126 CHAPTER 12. TYPING



Chapter 13

Lambda Calculus
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131 Intro

According to Wikipedia®, "Lambda calculus (also written as A-calculus) is a formal system in mathematical logic for expressing
computation based on function abstraction and application using variable binding and substitution."

While correct, we will be treating it as a Turing complete language which is the basis of many functional languages. So
we will go over how to create statements in this language, and how to evaluate them.

Let us begin by giving the grammar for the language:

E= «x
[Ax.E
|EE
I(E)

x here is a variable. That's it. A very small language grammar. Using this grammar the following statements are valid:

X | xy AX.x Ax.y
Xyz | xx | AX.Ay.x | Ax.Ay.xy

13.2 Turing Complete

As we saw earlier, finite state machine can only solve certain types of problems. Different machines have different levels of
computational power. Checking if a string is accepted by a regular expression requires a Finite State Machine. Checking if a
string is accepted by a Context Free Languages requires a Push Down Automata (PDA)?. Recursively enumerable languages
need a Turing machine. A Turing Machine?, can solve any computable problem. Some problems, we know cannot be solved:
like the halting problem, thus a Turing machine cannot solve this problem. But if we know the problem can be solved, then
a Turing machine, can model it.

It is important to note the difference of syntax and semantics here. CFGs and regular expressions only describe the
syntax of the language. Since they only describe sets of strings, they say nothing about what those strings can express (in
this case, a language is just a set of strings that is allowed). What a language is capable of expressing (or its semantics)
is a different question (in this case, a language is a way to express ideas). We will now pull away from the former way of

"https://en.wikipedia.org/wiki/Lambda_calculus
2We will not be covering PDAs in this course
3initially called a-machines or atomic machines
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speaking about languages, and start discussing the latter. One property the semantics of a language could have is Turing
Completeness.

When we say a language is Turing complete, we mean that language can model or simulate a Turing machine.. A Universal
Turing Machines (UTM), is a Turing machines that can produce other Turing machines, where each machine solves a particular
problem (a machine that ANDs can't be used to OR). What does a Turing complete language look like? Well, despite the fact
that the syntax of Lambda Calculus can be represented as a CFG, the semantics of the language is enough to be Turing
complete.

13.3 Turing Machines

We said that a Turing complete language is one which can simulate a Turing machine. What exactly is a Turing Machine? It
is @ machine that has the following properties:

+ Has an infinite ticker tape (a tape with an infinite number of cells)

+ Each cell on the ticker tape stores a symbol from a finite alphabet (typically either a 1 or a 0)

« Has some "pointer" that can points to a cell on the tape

- The pointer needs to be able to move left or right one cell

+ Has a writer and reader on the pointer to read the value in the cell or overwrite its value

« has a list of "states" that tell the pointer’s reader and writer what to do and what other state to move to

Here is an example of a Turing Machine that will zero out the tape until a 0 is read in on both sides of the starting point:

tape o 1 1 1 o
pointer
. State A State B
Read in . .
Write | Move | New State | Write | Move | New State
o o L B o) R Halt
1 o L A 1 R A

Assuming we start in the cell seen above and start in State A, here is the next few things that will happen:
1. Weread in a1, and are in state A so we write a 0 and move left, staying in state A
2. We read in another 1, and are in state A so we write a 0 and move left, staying in state A
3. Weread in 0, and are in state B so we write a 0 and move Right and Halt.

These steps can be visualized here:
After Step 1:

tape o 1 o 1 o

pointer

After Step 2:
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tape o] 1 o] o] o]
pointer
After Step 3:
tape o 1 o o o
pointer

This process gets very complicated when writing larger programs, but this machine can be used to implement any com-
puter algorithm. Thus any language that can simulate this machine (much like we simulated a FSM as a project in the course),
then we say that language is Turing complete. Lambda Calculus is one such language that is Turing Complete.

13.4 Lambda Calculus Semantics

As we saw in the intro section, the syntax of the language is very small. It's now time to figure out what do those lambda
calculus sentences mean.

13.4a Variables

Let's start with the basic 'x’ sentence. In languages like C, a variable by itself means whatever value is bound to that
variable.

int x = 3;
X; //here x means 3

In lambda calculus, this meaning stays the same, however what the variable is bound too is sometimes not given.

y //y not defined, but understood to be a variable
/%
Analogous to the following C code
void foo(){
y; //not defined in this scope, but understood to be defined elsewhere.
}
*/

13.4.2 Function Definitions

The next type of sentence we is referred to as a lambda function. A lambda function takes the form Ax.e, where x is a
variable and e is another lambda expression. As seen in the intro section, Ay.x is a valid lambda expression, where y is
a variable and x is another lambda expressions (in this case, a variable). This is called a function because it has the same
semantics of a function we may see in other languages. Let's first break down it's structure though.

/1.5

This is a lambda function where the | y | can be thought of as the parameter to the function, and x can be thought of as the
body.

Since lambda functions are also lambda expressions, they can be placed as the body of another function: Ax.Ay.y. This
one is more complicated, so let’s look at it’s structure:

/I.A.Z
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In this case, the Ax function has parameter x” and body of Ay.y. The Ay function has parameter’y’ and body " y’.
Here is something analogous in other languages:

For reference: lambda calculus: Ax.Ay.y # Python

lambda x: lambda y: y
(* Ocaml *) # Ruby
fun x -> fun y -> y Proc.new{|x| Proc.new{|y| y}}

/1 Java
/]l C interface Lambda{ Object run(int i); }
void* bar(void* y) { return y;} public static Lambda foo(Object x){
void* (*foo(void* x))(void*){ return bar; } return (Lambda)((y) -> vy);

}

Each thing here is a function, that takes in one parameter, and then returns a function (where that returned function is
the identity function).

As you can imagine, we can nest these even more: Ax.Ay.Az.z. This becomes important when we change the body of
the nested function: Ax.Ay.x and start to do function application. More on this in a few sections.

13.4.3 Function Application

As the name suggests the last part is a way to call a function. However, this is also a bit of a misnomer, since sometimes we
cannot apply a function. Let’s expand on this.
(Ax.x)a

This is a lambda expression that consists of 2 sub-expressions: (Ax.x) and a. When we have this structure, we call the left
sub-expression using the right sub-expression as its input. Specifically, a will be used in the (Ax.x) function. Since this
function is the identity function, we just get back a.

(Ax.x)a = a

Thisis equivalent to calling a function and getting the return value. Here are some analogous examples in some programming
languages:

For reference: lambda calculus: (Ax.x)a # Python
(lambda x: x)(a)
(* Ocaml *) # Ruby
(fun x -> x) a Proc.new{| x| x}.call(a)
Il C /] Java
void* foo(void* y) { return y;} | interface Lambda{ Object run(Object i); }
foo(a); ((Lambda)(x) -> x).run(a)

Notice, that we have an argument, and itis being replaced in the body with whatever the input is. Thus when given something
like (Ax.y)a, we get y back. To see this in more detail, consider the following:

int foo(int x){
return x;
}

foo(3) //returns 3, because 3 is our input, where ever we see x, replace with 3.

int bar(int x){
return 4;
}

bar(3) //returns 4, because 3 is our input, but we don’t use x anywhere
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To see more complicated examples, we first need to consider the following lambda expression:
ab

This lambda expression has two sub-expressions: a and b. Here however, a is not a lambda function, so we have no idea
how to call a2 with b as input. In this case, since we cannot call a function, we say this expression means exactly what it says:
ab.
To see this side by side:

(Axx)a=a| (Axy)a=y |ab=ab

13.5 Removing Ambiguity
Now that we have the basics down, let's consider something more complicated:
AX.X Yy

We can see thisisan ambiguous statement. Either x y the body of the Ax function, or y is being applied to the Ax.x function.

e e

/ \e\ le/ \
Ax. Xl y }lx.\X y
Ax.(xy))  ((Ax.x) y)

Here is another example of an ambiguous expression:

abc
e e

\ 4
/ <\
1\ VAR

a b c a b c

(a(bc)) ((ab)c)

It is initially unclear if we are calling a with the input b ¢ or if we are calling a with input b and then calling ¢ on the result
of a b.
To help remove ambiguity, there are some explicit rules that Lambda Calculus follows.

« Expressions are left associative

+ The scope of a function goes until the end of the entire expression or until a (unmatched) parenthesis is reached

13.51 Left Associative

When we say expressions are left associative, that means when given a series of expressions, for example three: e e; e3,
then we group the left two items together before grouping the next item: (e ) e3. This means that we take the right tree
in the above example with a b c. As you can imagine, we chain this rule with larger expressions. Thus: a b ¢ d e f has
implicit parenthesis: (((((a b) ¢) d) e) f).

For functions, this is important since it tells us what order we should apply things:

(Ax.Ay.y)ab
= ((Ax.Ay.y)a)b
= (Ay.y)b

= b
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13.5.2 Function Scope

The next important part is the scope of a lambda function. The body of of a lambda function is whatever follows the .
symbol until the end of the entire expression is reached or a (unmatched) parenthesis is reached. It is important to note the
parenthesis must be unmatched from the viewpoint of the lambda. Consider the following functions and their body (which
is underlined):

Ax.aby Ax.(ab)y Ax.a(by) (Ax.(ab))y (Ax.(ab)y)z (AX.@) yz

This rule continues even when we nest lambda functions:

AxAy.aby AxAy.(ab)y AxAy.a(by) Ax.(Ay.ab)y (Ax.(Ay.a)b)y

13.6 Reduction

The process of of applying a function is called reducing. In particular, we call a function call a beta reduction (8-reduction).
A single function call is a reduction. So the following is actually performing two reductions.

(AxAy.y)ab
= ((Ax.Ay.y)a)b
= (Ay.y)b reduced the x function
= b reduced the y function

When you cannot reduce any further, we say the expression is in beta normal form. So b is the result of reducing
(Ax.Ay.y) a bto beta normal form.

When performing a beta reduction, consider there is the function being called, and the expression passed in to the
function. For example: (Ax. x) y can be beta reduced by calling the Ax. x function with the input y.
What happens when the input can also be reduced? (Ax. a x a) ((Ay. y y) z) We have two options:

+ We evaluate the argument first. That is, evaluate ((Ay. ¥ y) z) to (z z) and pass that into (Ax. a x a)
+ We shove ((Ay. y y) z) into (Ax. a x a) firstand geta ((Ay.y y) z) a

The first is an example of eager evaluation (sometimes called call-by-value), where we evaluate the argument first before
passing it into the function.

The second is an example of lazy evaluation (sometimes called call-by-name), where we only evaluate when we need
to.

For example:

def foo(x):
return

foo(3+4)

# using lazy evaluation, 3 + 4 is never calculated

# using eager, 3 + 4 is calculated and then never used.
# in this case lazy does less work

# Try running print(foo((lambda x: print(x))(4))).
# Does python use eager or lazy evaluation?

13.7 \Variable Semantics

Up until this point, we have been using simple functions, but typically more complicated or harder to read functions are
used. For example:
(Ax.(Ax.(Ay.x ¥)) x) x
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To figure out how to reduce this problem, we need to discuss variables and their binding.

Variables fall under two categories: free or bound. A bound variable is one who's value is dependent on a parameter of

a lambda function.
(Ax.x[a) @

In the above example, x is bound to the input parameter since they share the same name and x is in the body of the Ax
function. a and b are then what are known as free variables, variables not dependent on the parameter. b is not bound
because it falls outside the body of the function, and does not share the same name as the parameter. a is not bound
because it does not share the same name as the parameter. Consider the following C program:

int a = 6; // free

int foo(int x){ // x is name of the parameter
x == 5; // this x is bound to the parameter
inty =3; // free

}

In regards to the foo function, a and y are free since they are not bound to the parameter x.

This becomes important when we nest functions:

(Ax.Ay.gE]z) E

Here, x is bound to the outer Ax parameter and the y is bound to the inner Ay parameter. This gets a tad confusing when
we shadow the variable:

(Ax.Ax.x)[a]

In these cases, we know that x is bound, but to what? In lambda calculus (and most languages that | know), the x is bound
to the inner A function. This is because the parameter is being shadowed by the inner function. Consider the following C
code:

int a = 6; // free

{

int a = 5;

printf( ,a); //prints 5 here since a is shadowed by the previous line
}
printf( ,a); //prints 6, now that the inner 5 is out of scope

Thus, we can now beta reduce complicated functions if we keep this is mind:

(Ax.(Ax.x x) x) a
= (Ax.xx)a
= aa

Here, the right most x is bound to the left most Ax where as the inner two x’s are bound to the inner A function.

(Ax.(Ax][x][x] x)
Just reiterated, where all boxed variables are related and all underlined variables are related. Here's one more for practice:

(Ay.Ax.xx) y x) a
= (Ax.xx)ax
= (aa)x

To help make things more readable, there is this concept of alpha equivalence (a-equivalence). Alpha equivalence
should not change the meaning of the initial statement, but rather make sure things are more readable, or to preserve the
semantics of the initial statement.
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To do so, an alpha-conversion (a-conversion) is the process of renaming all the variables that are bound together along
with the bounded parameter to a different name.

(Ax.x)a = (Ay.y)a
Again, this does not change the semantics of the expression, but makes things more readable. Consider the C code:

int foo(int x){
return x + 1;

}

int bar(int y){
return y + 1;

}

There is no difference between foo and bar. These two functions are ar-equivalent. So let's consider our initial statement
and alpha-convert it to be more readable:

(Ax.(Ax.(Ay.x y)) x) x = (Aa.(Ab.(Ay.b y)) a) x

It is important to note that you cannot convert free variables. You can only convert bound variables. Thus (Ax.x) x is not
alpha equivalent to (Ax.x) a.

For the most part, this just helps with readability, but sometimes it is important to alpha convert to keep the semantics.
Consider the following incorrect reduction:

(Ay.(Ax.y)) x
= (Ax.x)

This now reduces to the identity function, but this is incorrect since the initial outer x was free and now becomes bound. To
keep the semantics, free variables cannot become bound, and bound variables cannot become free. To make this correct,
we must alpha convert:
(Ay.(Ax.y)) x
= (Ay.(Aa.y)) x
= (Aa.x)

13.8 Church Encodings

Now that we have an idea of how to evaluate Lambda Calculus, let's discuss about how we can use this as a language to
calculate information.

The words we use to represent concepts are ultimately arbitrary. We all came together and agree that words like "true’ or
'false’ mean something. However, these things are ultimately arbitrary when figuring out the string of symbols to represent
these concepts. In OCaml for example, we say true and false, but in Python we say True and False. Even in C, there is
no boolean, it's (typically) just checking if a number is o or not.

It then stands to reason that in lambda calculus, while we may not have strings like "true" or "false", we do have some-
thing that represents these ideas. This concept is called encoding. We want to encode information into a text string valid in
the language.

The encodings that exist in Lambda Calc were made by Alonzo Church who also introduced the idea of Lambda Calculus.
He encoded "true’ and 'false’ as follows:

« True: Ax.Ay.x
 False: Ax.Ay.y

That is, the OCaml program: true is analogous to the lambda calculus program: Ax.Ay.x

This may make sense once we introduce the if guard then true_branch else false_branch equivalent. To
write if a then b else cinLambda Calculus, we just write: a b c. This may be confusing so consider:
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+ if true then false else true: (Ax.Ay.x)(Ax.Ay.y)(Ax.Ay.x)
+ if false then false else false: (Ax.Ay.y)(Ax.Ay.y)(Ax.Ay.y)
« if false then true else false: (Ax.Ay.y)(Ax.Ay.x)(Ax.Ay.y)

To see these encodings at work, consider if true then false else true should evaluate to false. So let's see what
if true then false else true looks like in lambda calc

if true then false else true (AxAy.x) (Ax.Ay.y) (Ax.Ay.x)
((Ax.Ay.x) (Ax.Ay.y)) (Ax.Ay.x)
(Ay.(Ax.Ay.y)) (Ax.Ay.x)
(Ax.Ay.y))

false

T

There are other encodings that exist as well, such as pairs, numbers, addition and multiplication of numbers, and,or,not on
booleans, etc. See Appendix D for more examples.

13.9 Looping

One such properties of Turing Completeness is the ability to jump, conditionally, or unconditionally. This ultimately allows
for looping to exist so let's examine looping in Lambda Calc.
Let us consider the following lambda calculus expression:

(Ax.xx)(Ax.xx)

If were to beta reduce this, we would get back the exact same thing. This is one such example of a lambda calculus expression
which would loop to infinity and never reach a beta normal form. This particular expression is called the Q-combinator. This
expression by itself is not truly useful, but we can exploit this structure and insert a modification to achieve a conditional
or at least "recursive" looping structure.

Since lambda calculus doesn’t have named functions, we cannot get recursion in the same way would could in typical
programming languages. However, as we saw in OCaml, functions are pieces of data and the same is true for lambda calculus.
The trick here is to pass in the recursive function into a wrapper function. In lambda calculus, we will be using the Y-
combinator (sometimes called a fixpoint combinator). It is as follows:

(AF.(Ax.f(xx))(Ax.f(xx)))

To see this, suppose we have a function F. A recursive call may look something like F(F(F(F(...F(value)...)))). We
can obtain that using the following

(Af.(Ax.f(xx))(Ax.f(xx))) F
(Ax.F(xx))(Ax.F(xx))
(F((Ax.F(xx))(Ax.F(xx))))
(F(F((Ax.F(xx))(Ax.F(xx)))))
(F(F(F((Ax.F(xx))(Ax.F (xx))))))

Lueus iy

If we wanted to make this easier to read, let Y = (Af.(Ax.f (xx))(Ax.f(xx))) and Y F = ((Ax.F (xx))(Ax.F(xx)))

YF= (Af.(Ax.f(xx))(Ax.f(xx))) F
(Ax.F(xx))(Ax.F(xx))
(F((Ax.F(xx))(Ax.F(xx))))
(F(Y F))

Ltuudl
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So now suppose we could write encode numbers in lambda calculus much like we could "true" and "false" (we can!). Also
suppose we could encode things like "=0", "n*m" and "n-1" like we could "if then else" and "and" and "or" (we can®). This
could mean we could write a function G like factorial in the form G = Af.(An.if n = O then 1 else n = (f(n —1)))

Now we can use G and a factorial number to place into Y.

~~
<
Q
N—
@

L O A A !

((Af.(Ax.f(xx))(Ax.f(xx))) G)3
((Ax.G(xx))(Ax.G(xx)))3
(G(Ax.G(xx))(Ax.G(xx)))3

(G(Y G))3

if3=0then 1else3* ((YG)2)

3x((YG)2)

3% (((Af.(Ax.f(xx))(Ax.f(xx))) G)2)

3 ((Ax.G(xx))(Ax.G(xx)))2)

3% ((G(Ax.G(xx))(Ax.G(xx)))2)
3x((G(Y G))2)

3% (if2=0thenlelse2x* ((YG)1))

3% (2% ((YG)1))

3% (2% ((AF.(Ax.f(xx))(Ax.f(xx))) G)1))
3% (2% ((Ax.G(xx))(Ax.G(xx)N1))

3% (2% ((G(Y G)))

3% (2«if1=0then1else1x ((YG)0))

3% (2% (1%((YG)0)))

3% (2% (1T (((Af.(Ax.f(xx))(Ax.f(xx))) G)0)))
35 (2 (1% ((Ax.G(xx))(Ax.G(xx)))9)))
3x(2x(1x((G(Y G))0)))
3%(2%(1xif0=0thenlelse1x((YG)0)))
3%(2x(1x1))

3x(2x(1))

3x%(2)

6

While this does look gross, | would highly recommend you trace through this on your own.

“See Appendix D
5See Appendix D



Chapter 14

Garbage Collection

It's called a Garbage Can, not a Garbage
Cannot

144 Introduction

When we are implementing a language, there may be times when we need more information than just what is given to us
and our operational semantics. We saw this when we added variables to our language: we needed an environment to keep
track of variables and what they were bound to. This environemnt acted as our memory, allowing us to make a variable and
store a value with it. When we were done with the scope of the variable, then the binding was automatically dropped (thanks
to the immutability of 0Caml). This automatic memory management is analogous to the stack, where items are pushed and
popped automatically (more on this later), as opposed to the heap, where either the user has to management their own
memory (C) or a garbage collector will manage the allocation and deallocation (OCaml, Java, etc).

Since we will be good people, we will not push the burden of memory management to the user. We will make the garbage
collector. To do so, we need to consider what makes a good garbage collector.

A good garbage collector must take a conservative approach to deallocating memory. Consider:

Memory Don't free Free
In use Good Really Bad
Notinuse Eh Good

Notice that we want to free memory that is no longer in use, and not free memory that is in use. If we have memory that we
don't use and do not free it, all that really happens is we lose useable memory. This could mean we run out of memory, or
things take longer to lookup in memory (decreasing time performance). Ultimately, the program will not be wrong per se,
rather it will just be unoptimized.

Alternatively, we could have a garbage collector that frees things that are in use. This can cause the program to fail and
potentially have dangerous side effects’.

Determining if something is in use or not to be freed is the goal of garbage collection. However, while some things are
easy to figure out if they are in use or not, some things are more ambiguous. To be a conservative garbage collector means
to err on the side of caution, and only free things that we are guaranteed to be no longer in use. So how do we know if
something is in use or not?

We will see three basic ideas to determining the answer to this question. However, it is important to note that modern
garbage collector typically will use a modified or combination of the following ideas.

"Technically not freeing things that need to can also lead to security vulnerabilities too

137
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14.2 Reference Counting

We say that a piece of memory is in use if we can reach that piece of data. If we loose a reference to a segment of memory,
then we can't really use what's stored there so we can free it. One idea is to keep track of how many pointers (references)
point to a segment of memory, and deallocate (free) when that counter reaches o. Consider:

int* vl = malloc(sizeof(int)); //say memory address Oxfff
// one thing points to Oxfff

{
intx v2 = vl; //now 2 things point to Oxfff
}
//now 1 thing points to Oxfff
}

//now nothing points to Oxfff

Recall that variables are valid until the end of their scope, and you can create a temporary scope with curly braces({}). Thus,
v1 is valid until line 6, while v2 is valid until line 5. If we consider how many things are pointing to memory address Oxfff
at each line, we can see that the count increases when we allocate, or set a pointer to a variable. The count then decrements
when the pointer goes out of scope.

It is important to note that the counter is incremented everytime a pointer to that segment of memory if updated (added
or deleted). While this is a constant time operation, this typically ends up being called quite a lot of times. Additionally,
space for the counter needs to be allocated with each item on the heap so there is some added space complexity to consider.

Consider the memory map:

| Al Count: 2

w,/

V3 /) B| Count: 1

v2
/\
V1 \> C| Count: 1 D| Count: 1
Stack

heap

If v4 went out of scope, then the reference count of item A would be decremented to 2.



14.2. REFERENCE COUNTING

>

Al Count: 1

V3 /) B| Count: 1
V2
/—\

V1 \> C| Count: 1 D| Count: 1

Stack
heap
If v3 was popped off, then C would be at count o.
L>»| Al Count: 1
//) B| Count: 1
V2
e

V1 C| Count: 0 D| Count: 1

Stack
heap
Since the count of C hits zero, then we free that item.
L>»| Al Count: 1
//) B| Count: 1

- /

V1 D| Count: o
Stack

Now since the freeing of C caused the counter of D to decrement to zero, then D has to be freed as well.

heap

139
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>

V2

V1

Stack

Al Count: 1

/) B| Count: 1
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heap

One issue to consider is the idea of cyclic data. What happens when v1 is popped off the stack in the following memory

diagram?

V1

Stack

7~

/) Al Count: 2

B| Count: 1

—~

14.3 Mark and Sweep

heap

Mark and Sweep is the next garbage collection strategy we will talk about, and it is a form of tracing garbage collection.
There are various variations of Mark and Sweep and we will talk about one of the most basic forms.

In Mark and sweep we consider what is reachable based off what you can get to via the stack. However, we also need to
go through and actually free everything that should be freed. In order to do so, we need to go through the entire heap, and

figure out if what we are looking at is reachable from the stack or not®.

The heap is just a linear piece of memory so let's restructure the picture of the heap: A true mark and sweep garbage
collector splits the mark and sweep parts to separate aspects. The first phase is the mark phase, the second the sweep.

First you do a graph traversal from the stack. Anything you can reach, you mark. So to use the same example as above,

2some implementations have you go through heap then stack in O(n*m) fashion. Here we will be doing O(m+n). See next section for O(n*m)
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V2

V1

RN

Stack

V2

/

11

V1

Stack

™\

Then 0xfd points to O0xfc. Let's mark that too.

V2

V1

RN

Stack

Then we see V1 points to Oxff. Let's mark that as well.

V2

V1

™\

Stack

V2

V1

™\

Stack

P N
Al Oxff B| Oxfe C| Oxfd D| Oxfc Free| Oxfb E|Oxfa
heap
We can do the following: Look where V2 points to. It points to 0xfd. Let's mark it.
\ A
Al Oxff B| Oxfe C-M| Oxfd D| Oxfc Free| Oxfb E|Oxfa
heap
\ A
Al Oxff B| Oxfe C-M| Oxfd D-M| Oxfc Free| Oxfb E|Oxfa
heap
\ A
A-M| Oxff B| Oxfe C-M| Oxfd D-M| Oxfc Free| Oxfb E|Oxfa
heap
Then its simple as iterating through the heap and anything that is not marked, you free it.
\ A
Al Oxff Free| Oxfe C| Oxfd D| Oxfc Free| Oxfb E|Oxfa
heap

One thing to note is that the program must be paused while this is happening since we do not want things to be allocated
or freed while this is occurring.
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14.31 Alternative: Mark then Sweep

In order to figure out what is in use and what is not in use, we can iterate through the entire heap, figure out if we can reach

V2

V1

RN

Stack

N

A

CHAPTER 14. GARBAGE COLLECTION

Al Oxff

B| Oxfe

C| Oxfd

D| Oxfc

Free| Oxfb

E|Oxfa

heap

where we are looking via the stack.

After we do all of this, the only places of memory that fail this check are Oxfe and 0xfa. We then know we can free these

We look at Oxff and we check if anything on the stack can reach it or it is already free.

We look at @xfe and we check if anything on the stack can reach it or it is already free.

We look at 0xfd and we check if anything on the stack can reach it or it is already free.

We look at 0xfc and we check if anything on the stack can reach it or it is already free.

We look at 0xfb and we check if anything on the stack can reach it or it is already free.

We look at 0xfa and we check if anything on the stack can reach it or it is already free.

two places in memory.

Note: Oxfc is reachable from the stack, just not directly.

V2

Vi

RN

Stack

RN

A

Al Oxff

Free| Oxfe

C| Oxfd

D| Oxfc

Free| Oxfb

Free|Oxfa

heap

14.4 Stop and Copy

In the same vein of Mark and Sweep, have another tracing garb age collector: stop and Copy. Much like Mark and Sweep,

the program must stop while this is occurring.

In Stop and Copy, we must first partition the Heap into an alive partition and a dead partition.




14.4. STOP AND COPY

Stack

Then whenever we need to allocate something, we do so in the alive part.

V2

V1

Stack

alive

dead

heap

heap
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Then, when running garbage collection, we go through the entire stack, and copy over everything that is reachable to the

dead partition.

So first we look at say, v1 and copy whatever it points to to the dead partition.
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V2

V1

—__

Stack

We then do so for all other items on the stack:

V2
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V1

—~_

Stack

Then we swap partitions and continue.

V2

V1

Stack

alive D
z 1
/ ‘
dead
A
heap
alive D
A
C
dead
A C
heap
dead D
A
C
alive
A

heap
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We will continue to allocate in the alive section only, and when garbage collection happens again, we will copy every in-
use memory over and swap partitions again. Due to the fact that this will copy over data, we can actually defragment our
memory to optimize later memory allocation. This is important since we start off by halving our useable memory space to
begin with.

Notice that when this happens again, we will just copy right over our past memory usage.

alive D

V2

V1

Stack

heap
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Chapter 15

Rust

Forgive me, | am a tad Rusty

Rustaceans

First, let me begin by saying that these notes are only a condensed and high level account of what is found in The Rust
Book: https://doc.rust-lang.org/book/. I would definitely recommend you take a look there as nothing | could do would be
as good. The topics covered per semester change rapidly depending on time and who is teaching. Historically we focus on
what makes Rust unique (Ownership, Lifetimes and Smart pointers, chapters 4, 10, and 15 respectively).

This is a programming language chapter so it has two (2) main things: talk about some properties that the Rust pro-
gramming language has and the syntax the language has. If you want to code along, all you need is a working version of
Rust and a text editor. You can check to see if you have Rust installed by running rustc -version. At the time of writing,
I am using Ruby 1.65.0.

Unlike other programming chapters, there will be a lot about the properties of the language itself, since Rust has a few
new things not found in other languages. Before reading this chapter, please refer to the Garbage Collection Notes.

154 Introduction

Rust was made around 2016 from the folks over at Mozilla (the firefox" people). They built the first Rust Compiler in Ocaml,
which means they really liked that language, so you may see some Ocaml-ness in the Rust Language. Rust's goal is to be a
safe language, but at the same time, maintain the speed and find grain control of the machine that C gives you. Before we
get into all that though, let's write our very first Rust program:

// hello_world.rs
fn main() {

println!( );
b

Despite this being very simple, we've already learned several things. We can also notice that we are going back to more
"traditional" style languages.

« Single-line comments are started with the backslash
+ Semicolons!

« println! is used to print things out to stdout

- functions use parenthesis (weird we need to say this)

« Rust file entensionis . rs

"Firefox over Chrome-based browsers, always. Ad-blockers ftw
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+ Strings exist in the language (most languages have them, but some do not)
+ Need a main function.

Can you think of more?

Now to compile our program we can just use

rustc hello_world.rs
./ hello_world

Congrats, you have just made your first program in Rust! There are some things to note however:

+ Rust is a compiled Language

+ rustc is the rustc compiler (some compilers like to take the name of the language and add 'c’ to the end: javac,
ocamlc, rustc).

+ Ifyou run an s you will notice that the executable hello_world was created. There were no other files made (like
headers or object files).

« rustc is wrapped in a nice program called cargo. Cargo will allow you to create, compile, run, and test your Rust
programs without much overhead. We use cargo to help manage your projects.

15.2 Memory and Security

Again, | would recommend that you go read the Garbage Collection Notes before this section.

Cis considered a low level language because it doesn't really abstract things. We could think of C as an API for assembly.
This makes C a very fast language because it doesn't have to deal much with garbage collection, or type checking during
runtime. This also makes C a very unsafe language, because it is up to the programmer to manage memory and check types.
Higher level languages abstract this away making for safer languages, but also makes the languages slower by comparison.
Rust wants the best of both worlds here. It wants to be safe, but also be fast. For Rust to do this, it would need to forgo
some of these costly overheads like garbage collection and type checking at runtime and instead drop them completely OR
lean more on the compiler. Forgoing these options would just be C, so Rust is designed around how it's compiler can do a
lot of work to get fast and safe programs.

15.21 Safety
What is safety? Consider the following:

A server that sends out restricted information like bank passwords to anyone is unsafe.

+ An air traffic control application that can be taken down via a DOS (denial of service) attack leading to plane crashes
is unsafe.

« A grades server where you can overwrite everyone's grades with an F is unsafe.

These are examples of unsafe programs and they all have at least one thing in common: a program having unwanted behavior.
Thus safety could be thought of as a part of correctness of a program. We made proofs about correctness of a program when
we did Operational Semantics. However, OpSem is not the only way to describe meaning of a program, and it cannot capture
or measure all the semantics or behavior of a program.

In the above examples and what Rust hopes to mitigate, is the insecurity of memory. Human insecurity (like falling for
a phishing attack, or being tortured, not insecurity like self esteem (however this can also be leveraged)), is not something
Rust or any language can really prevent. Memory safety has a few types of incorrect behavior, for example:

+ Giving read access when it shouldn’t (sending plaintext passwords)

+ Gives write access when it shouldn’t (overwriting people’s grades)
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+ Denies read access when it shouldn’t (DOS)

There are others but these are 3 big ones. If Rust can prevent unwanted behavior, then it has succeed in it's job. However,
making sure a program is secure is very hard. Thus Rust will take a very conservative approach: It will refuse to compile
programs it is unsure if they are safe or not. This is sometimes known as whitelisting: denying everything except what you
know. This is opposed to blacklisting: allowing everything except what you don't want. Whitelisting is more secure. What
this means: there are a set of programs that are safe, but Rust's compiler cannot verify it so Rust will not compile your safe
program. Visually:

All Programs

Safe Programs

Rust Programs

15.2.2 Stack and Safety

As we saw in the Garbage Collection Notes, memory safety comes down the idea that memory is not being managed cor-
rectly. We also said the garbage collector makes languages slow. So we need some fast way of determining when and how
to manage memory. To do so, let’s look at another place in memory: the stack.

When we need to allocate memory on the stack, we simply push the value onto the stack. When we need to deallocate
memory, we simply pop it off. In order to allocate something on the stack we need to know 2 major things. The first is more
obvious: we need to know how much memory we need to allocate. This is why things that have a fixed size link an int will
be stored on the stack, but things of changing size are stored on the heap. The second is less obvious: we need to know how
long that item needs to live in memory. Consider function calls. The parameters and local variables of the function have a
scope. We know when the item enters memory (when the function is called) and we know when it needs to leave (when the
function returns). This is why when we have items that need to exist for longer than a certain scope need to return a pointer,
rather than the value.

Both of these points allow for the automatic memory management of the stack: we know how much to malloc since
size is known, and we know exactly when to free due to knowing when the scope ends. Now items on the stack are not
malloc’'d or free'd but the point still stands, to automatically mangage memeory, we need to know these 2 things. Rust
will introduce concepts built into the design of the language to allow for this behavior.

15.3 Statements vs Expressions and Codeblocks

Before we can begin to talk about how rust manages memory without a garbage collector, we need to know some syntax for
code examples later used.

To begin, in Rust, there is a explicit distinction between expressions and statements which we need to consider. As we
saw in OCaml, an expression is something that evaluates down to a value. A statement on the other hand does not evaluate
to a value but may perform some sort of action.

For example, something like let x = 5 is a statement, not an expression. It does not evaluate to a value. You could
not say something like 3 + (let x = 5). However things like 3 or 1+2 are expressions, and they evaluate to the value
of 3. Expressions can be part of other expressions: 3 + (2 + 3), and they can be part of expressions: let x = 3 = 4.
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This becomes important because of the idea of a codeblock which Rust allows. Rust allows for this idea of a codeblock
which is a collection of statements followed by zero or more expressions surrounded by curly braces. For example:

let x = 3;
{
let y = 5;
let z = 7;
println!( ,Y+2);
}
Lines 2-6 are the codeblock. This codeblock has three statements and zero expressions. Statements are ended with a
semicolon while expressions are not.
let x = 3;
{
1+ 2;
3+5
}

Lines 2-5 are the codeblock. This codeblock has one statement: 1 + 2, and one expression: 3 + 5. The codeblock itself is
treated as an expression.

Again, codeblocks are zero or more statements followed by at most one expression. If we were to describe the structure
with some regex syntax, we could say that a codeblock looks like
{ stmt;* expr? 1}

Some more example of codeblocks:

1 A 1A 1A
2 1+ 2; 2 1+ 2; 2 1-3
3 let a =4 - 3; 3 let a =4 - 3; 3}
4 a 4 a;
5 } 5 1} Zero Statements, one expression
two statements, one expression three statements, zero expressions
Codeblocks are expressions themselves which means we can capture the value of the last statement in a codeblock:
let a = {
let b = 3;
let ¢ = 4;
b+ c
b
println!( ,a);

Here we can see a codeblock on lines 2-4 which has two statements and one expression, where the result of the expression
is being bound to the a variable. This however raises the question: what happens when there is no expression?
let a = {let b=3; b+ 5;}
println!( ,a);
In this case, Rust will use the default return value, which is called unit. Like Ocaml, unit is an empty tuple: (). Thus the
above code will fail (since Rust does not not know how to print the unit type). We could instead however do the following:
let a = {let b = 3; b + 5;}
if a == (){

println!( )

This is a perfect segue to using codeblocks as expressions in the if expression.
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15.4 If Expression

The if expression is exactly that: an expression. Thus it evaluates to a value. Much like Ocaml, each branch of the if
expression must return the same type. You may be thinking, but what about that very last example in the above section?
We will get to that.

The if expression takes the form of if guard_expr {true_block} else {false_block}. The true_block
and false_block are both codeblocks whereas the guard_expr is an expression (which could also be a codeblock). For
example:

if true {false} else {true}
// analogous to Ocaml'’s expression: if true then false esle true

if false {

let a = 3;

let b = 4;

println!("{} is not {}",a,b)
} else {

println! ("I am false")
b

// First no such thing as multiline comment
// Second: this shows the true codeblock having two statements and 1 expression

// whereas the false codeblock has 1 expression
// (technically println! is a macro that exapnds to an expression)
if {let a = 1;

let b = 3;

a < b}

{0}

else

{1}

// example where the guard is a codeblock (because a codeblock is an expression)
// the true and false block are just one expresssion
// analagous to Ocaml's: if

// (let a =1 in
// let b = 3 in
// a <b)

// then 0 else 1

In each of these examples, the type of true block is the same as the type of the false block. Breaking this type check will fail
to compile:

if true {3} else {"hello"}

if true {3}

This second example is a case of the if expression without an else block that we saw as the last example in the previous
section. That example does, work, but this one does not. Why?

We know that a codeblock with no expression will evaluate to the unit type by default. The same is the case here. When
the else block is left out, then the default return type of the else branch is type unit. Thus, if we want to leave out the
else block and still be able to compile, we need to make sure the true_block will also evaluate to type unit. This can be
done by in a few ways: we can make the last expression a statement by adding a semicolon, or we use an expression that
returns type unit.

if true {3;}
// here the true block has one statement and zero expressions
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// and hence evaluates to unit

if true {3; println!( )}
// println! is an function that evaluates to unit

if true {3; ()}
// We could explictly return unit

15.5 A bit of data types and Functions

Functions in Rust are expressions, they evaluate (return) a value (which includes unit). Functions are a named collection
of commands which are dependent on an input (an empty input is included here). They can also be unnamed (anonymous
functions) which Rust call closures. To define a function however we first need to talk about data types.

15.51 Data Types

Built-in data in Rust has type which can be thought of as scalar (flat) or compound. These are pretentious words that describe
types based on what is needed to describe the data. Scalar types include things like numbers, booleans, and characters.
Since Rust wants to have some of the advantages of C which include fine grain control of memory, Rust breaks it's numeric
types of integers and floats into subtypes. That is to say, there is no integer type, but rather "integer of 8 bits", "integer of
16 bits", "integer of 32 bits", etc. See below the table of data types:

Integers
Size Signed | Unsigned
8 bits i8 u8
16 bits i16 u16
32 bits i32 u32
64 bits i64 u6bs
128 bits 128 u128
Machine Dependent isize usize

Machine dependent sizes are dependent on the hardware since different machines have different architectures (32-bit
vs 64-bit for example). They are typically the size of a pointer. For Floats, there are just f32 and f64.

Last of the scalar types are bool and char. It is important to note, that characters are 4 bytes long so they include more
than ascii, including utf-8 characters (which includes emoji and characters in other languages).

Compound types on the other hand, are pieces of data that need at least 2 values to define its type. In Rust, the built
in compound types are tuples and arrays. Like OCaml, tuples in Rust are fixed size, hetergenous and defined by the types
it holds. A (u8,ul6) tuple is different from a (ul6,u8) tuple and both are different from a (u8,ul6,u32) tuple. Again,
the empty tuple is called unit and used to say it the value is nothing meaningful.

Arrays on the other hand are different from arrays in other languages or lists in OCaml. They must be both homogenous
and a fixed length. An array'’s type is defined by the type of data it holds and its length.

let a = [1,2,3,4]

// this has type [1i32;4]. Rust will default to i32 for numbers in that range

let a = [3;5]

// this tells Rust to make an arrayof size 5 with each element being the value 3
// this has type [i32;5]

When describing a type of a value or variable, the colon notation is used.

3: 132
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"h': char

true: bool

[1,2,3]: [i32;3]

(1,1.0,false): (i32, f64, bool) //default float is f64

15.5.2 Functions

Now that we know some data type notation, we can now talk about functions! Functions can have zero or more parameters,
and will return a single value (could be unit). In Rust we need to annotate types of our inputs and output if they are not
unit.

fn main(){
println! ("Hello")

// this function takes in input and returns unit. Notice I don’t need a semicolon here

fn this(x: 132){
println! ("{}", x + 4);

// this function takes in a single argument of type 132 and returns unit. Do not need to
denote the return type but do need to specify the input type

fn that(x:u8, y:u8) -> bool{
X >y

// this function takes in two arguments and returns a boolean. Need to denote the return and
input types since they are not unit

fn the_other_thing() -> char{
'a

’

// this function takes in zero arguments and returns a char. Need to denote the return since
it is not unit

15.5.3 Closures

We can make anonymous functions called closures. Their notation looks like a Ruby Codeblock.

[x] x + 1
// parameters are surrounded by |
// body of closure is an expression

I, vyl x +y

[x, y| {let z = x +y; z}

// expression can be a codeblock
[x:1i32] -> 132 {x}

There are a few important things to note
+ Much like Python and OCaml, we can bind a closure to a variable (let x = |y]| y).
+ Rust will perform type inference on a closure so type annotations are not needed (but they are prefered!)
- when using a return type annotation, you need to put the expression in a codeblock (for the parser)

+ Closures cannot use generics. So | x| X cannot be called on both a int and string. It will default to the type of the
first call
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15.6 Ownership

We are now finally ready to start talking about the thing that makes Rust safe: ownership. Ownership describes a set of
rules to determine when a value is going to be drop’d (Rust’s equivalent to free?). It can also influence who has read /write
access. The rules of ownership is as follows:

+ Every value in Rust has an Owner
« There can only be one owner at a time
« When the owner goes out of scope, the value will be dropped

The last rule here is very important: it tells you when a value should be free'd which was one of the rules to help bring
automatic memory management to Rust without a garbage collector. What exactly is a an owner though? An owner is the
one responsible for freeing and is the one who can access the value. This can be better seen here:

let x = 3;
{

let a = 4;
b

println!( ,X)

Here, 3 is a value and x is the owner. The owner goes out of scope after line 5 so it is dropped then. 4 is also a value, and
it's owner is a. a goes out of scope at line 4 so it is dropped then. However, this is ultimately a tad misleading and doesn't
really showcase anything since they are stored on the stack to begin with. They don’t really have complicated interactions
with ownership. Let us talk about values stored on the heap. For example: a String.

The String data type is part of the standard library, not something built-in to Rust and can change size, hence it must
be stored on the heap. String literals however are hardcoded in memory and are technically owned by the Rust program.
Regardless, let's take a look at this heap allocated String and how ownership affects it.

let s = String::from( );
//this is calling the ’'from’ function from the ’'String’ library. Namespacing

Here there is the value "hello" stored on the heap and its owner is 's’. This is uninteresting so let's see something fun:

let s = String::from( )
let x = s;
println!( ,S); //fails to compile

This fails to compile. This is because of the second rule of ownership. Only 1 owner is allowed at a time. When we execute
line 2, ownership of "Hello" is moved to the variable 'X. Think of it this way: | own a jar of dirt. If | give it to you, then | cannot
use the jar of dirt again since you now have ownership of it. Thus, if we wanted to print "Hello", we would have to do the
following:

let s = String::from( )
let x = s;
println!( /X);

Why does Rust make you do this? Consider the following:

charx s malloc(sizeof(char) * 6);
charx x = s;

When we no longer need that char pointer, who should free that segment of memory? 'x’ or 's'? We don’t want them both
to free, that would be a double free. Rust gets around this by making sure it knows who exactly can free and knows when.
This also prevents the use after free since s’ becomes invalid once ownership is moved to 'x’ (so s cannot use that memory
address), and the value is dropped once 'x’ goes out of scope (hence it becomes impossible for x to use that memory address
due to scoping constraints).

2Drop is actually a function that is called when 'freeing’ so it's more like a deconstructor in C++
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This process of passing ownership is called moving. The owner of a value can be moved around using let bindings,
function calls, closure creation, etc. With closures you need to explicitly tell rust to move ownership and | would say you
probably won’t come across this in this course. For let bindings and function calls, let's consider the following:

let x = String::from( ); //x owns value

let y = x; // y now owns, X becomes invalid

let z =y; // z now owns, y becomes invalid

let a = String: :from( ); // a now owns it’s own copy of hello
let b = a; // b now owns the second hello, a is invalid

println!( , z, b); // this is fine

In this scenario, 'x’ initially points to a value of "Hello". After passing ownership to 'y’ which then passes ownership to 'z, a
new segment of memory is allocated with the value of "Hello" and 'a’ becomes the owner of this second instance of "Hello".
'Z' still maintains ownership of the first instance of "Hello" since it's a separate segment of memory. Thus, this code compiles
because the rules are followed, each value has its own owner.

We can see this more in action when we add codeblocks, which change the scope of variables.

let x = String::from( ); //x owns value
{
let y = x;
println!( Y
};
println!( );

in this case, 'X' is the inital owner of "Hello", but then 'y’ takes ownership in line 3. When the owner 'y’ goes out of scope at
line 5, the value is dropped. Ownership is NOT passed back to 'x’. Thus, we cannot use 'x’ in line 6.

For functions, we pass ownership into functions via parameters and pass ownership back using return values. Consider:

fn main(){

let x String::from( );

let vy this(x);

println!( YY)
}

fn this(a:String) -> String{
a

}

In this case, if we consider a code trace of the above, we could say that the lines of execution would be something like
« Line 1: main is called
« Line 2: 'x’ becomes owner of the newly made "Hello" String
+ Line 3a: the this function is called in line 3
- Line 7: function is called and stack frame is made
« Line 8:'a’ is evaluated and returned
« Line 9: stack frame is popped off
« Line 3b: return value from this is bound to 'y’
« Line 4: print line is run

« Line 5: main is returned, program ends
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This is a rough estimation of the order in which lines are executed. We can trace this order to figure out how ownership of
"Hello" is passed around.

« Line 2: 'x" is the owner of "Hello"
« Line 3a/7: ownership of "Hello" is moved from 'x’ to 'a’ during this function call. 'x’ becomes invalid

« Line 8,9,3b: ownership of "Hello" is moved from 'a’ to the variable capturing the return value; 'y’ 'a’ becomes invalid
but is dropped anyway because the function ends.

« Line 4: Since 'y’ is the owner, this is valid
« Line 5: the owner 'y’ goes out of scope so "Hello" is freed now

This is important to note because the following would not work because "Hello" gets dropped when the function ends.

fn main(){
let x = String::from( );
that(x);
println!( ,X); // will not compile
}

fn that(a:String) -> String{
a

}

Here since 'a’ is the owner and goes out of scope with nothing capturing the return value, "Hello" is dropped around line 9,
after line 3 executes.

15.61 No Heap Values, Copy trait

This whole process of ownership and passing ownership around really only affects values on the heap. Values on the stack
are just immediately copied. See the following:

let x = 3;

let y = x;

println!( , X, Y);
let a = String::from( )
let b = a;

In the above example, line 3 is valid since many built in data types support the Copy Trait. A Trait is analagous to an
interface in Java. More on these later. For now, just know that instead of 'y’ getting ownership of the value that 'x’ owns,
a copy of 'x’ is made and given to 'y’ Thus, 'x’ and 'y’ are both owners of their own instance of '3’ This is analogous to a
previous example where we had two variables that pointed to their own segment in memory even if the value was the same.

Any struct (object) in Rust that has the Copy trait (implements the copy interface) will instead copy the value (using
a memcpy) so there will be two instances of the value, each with their own owner. Copy is not overloadable and happens
implicitly, if you wanted finer control of how your data is copied (like when making your own data structure), use the clone
trait). More on this later

15.7 Borrowing

In most cases it makes no sense to pass ownership to a function, especially if you want ownership back. Consider the
following:
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fn main(){
let x = String::from( );
let(y,z) = get_len(x);
println!( ,Z,Y);
}

fn get_len(a:String)-> (usize,String){
let 1 = a.len();
(L,a)

}

In this case, if | wanted to get the length of a value, | don’t need to give full ownership of the String, because then I have to
then get ownership back. It should be sufficient to borrow the data. That is, if | have a jar of dirt, you can take a look at it,
but it's still mine. | could even lend it to you to look at and but afterwards, | want it back. Rust allows this occur with the
idea of references and borrowing.

However if we are lending things out, we need to make sure we maintain the ability to know when to drop things, and
know what can use pieces of data so there isn’t insecurities. To help us out, there are two(ish) rules of references:

* Rule 1: Every reference must be valid (we need to say this. We will see later)
+ One but not both (XOR) of the following must will be true:

- Rule 2a: You can have any number of immutable references
- Rule 2b: You can have one mutable reference
Before we begin, we need to talk about mutability. In Rust, every variable is immutable. That means once you bind a

value to a variable, you cannot change that value. A let binding is a new binding every single time, so like OCaml, the variable
is shadowing any previously made variable of the same name. To make a variable mutable, you can use the mut keyword.

let x = 3;
let x 4; // new binding, shadows the previous line

let mut y = 5;
y = 6;

The above is an example of the shadowing and mut keyword use. Just because you use the mut keyword, does not mean
you have to use it mutably. This will become important when talking about references.

So back to references. A reference is like a pointer that has certain access rights. Ownership is like a special type
of reference that will invalidate any previous references if possible. Otherwise we can make references that don't take
ownership and have certain access rights to the value in question. Let's see what this means:

let x = String::from( )

{
let y = &x; // & tells rust to have y borrow from x, not take ownership
println!( /X, Y)

b

println!( /X);

In this case, in Line 1, 'X’ is the owner of "Hello". In line 3, 'y’ borrows from 'x, making rule 2a be true: there are some number
(two in this case, x and y) of immutable references to "Hello". When we have immutable references, we have read access to
that piece of data so we can use both 'x’ and 'y’ to read "Hello". When 'y’ goes out of scope on line 5, the value of "Hello" is
not dropped since 'y’ was not the owner, allowing us to still use 'x’ on line 6. Using this idea, we can better make use of our
get_len function:

fn main(){
let x = String::from( );
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let y = get_len(&x);
println!( 'V XaY);
}

fn get_len(a:&String)-> usize{
a.len()

}

In this case, the variable 'a’ in get_1len does not take ownership of "Hello" but instead receives a read-only reference to it.
Thus, we can still use 'x’ on line 4 even when the function that uses the reference ends and 'a’ goes out of scope.

So back to the rules. Rule 1 is pretty straightforward, we cannot have dangling pointers. Rule 1 prevents this from
occuring. Consider the dangling reference in the C code:

intx x = this();

intx this(){
int i = 5;
return &i;

}

in this case, 'x’ is dangling since the place it points to was dropped when the this function ended. This is prevented in Rust
by ensuring that all references are valid. Rust will not compile the following:

fn main(){
let s = that();
}
fn that()->&String{
let s = String::from( )
&s
b

This also doesn’t really make sense in Rust, just give ownership, no need to pass a reference.
In regards to rule 2: it is important to note, that we can have any number of immutable references at a time (as long as
there are no mutable references):

let x = String::from( )
let y = &x;
let z = &x;

it is also important to note, that Rust will try its best to dereference automatically through deref coercion. This is important
when talking about smart pointers (we will get to this), but for now it means we can do the following:

let x = String::from( );

let y = &X;

let z = &x;

let a = &z;

let b = z;

println!( /X, Y,2z,a,b);

Here, rust is automatically dereferencing lines 4 and 5 so they point to the "Hello" value in memory. This has to deal with
the Deref trait for those interested.

Back on track, what about mutable references? When we have a mutable variable, we can make either immutable
references or mutable references to it. We cannot make a mutable references to an initially immutable variable. We also
have to make sure we keep rule 2 in mind as we do this. Consider:

let mut x = String::from( );
x.push_str( ); // concats " World" to "Hello"

{
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let y = &x;

println!( X, Y)
}i
X.push_str( );
println!( ,X);

At line 1: 'X’ is the mutable owner of the "Hello" value so it can read and write to "Hello". We can see it write in line 2
with the push_str function. Then at line 4, an immutable reference is created, which makes us take a look at rule 2. We
cannot have both one immutable and one mutable reference to a value so what happens? In this case, Rust makes the
"X’ mutable reference immutable (revokes write access) for the entire duration of 'y's lifetime (not scope!). This means, we
cannot mutate the now "Hello World" string until 'y’s lifetime ends (at line 5). Afterwards, 'x’ gains write access again and is
allowed to mutate "Hello World" to "Hello World!" in line 7.

The purpose behind this rule is to prevent dangling pointers, and also prevent data races. Data races are a good place
for undesired behaviour to occur, and temporal attacks, while difficult to pull off, can be devastating. To mitagate data races,
the rules of references come into play. Let us rephrase rule 2 into read and write access terms:

+ You can have many readers to a piece of data and no writers XOR
« You can have 1 writer and no readers to a piece of data at a time.

This means nothing could read a piece of data as it is being updated, and no more than one thing could write at a time.
Thus, many data races are mitigated in Rust which make for secure programs. There are ways to do concurrency correctly
with Mutex or Atomics but | don't think we will cover that in this course.

15.71 A thing on mut

The mut keyword has multiple uses and it can get confusing when we talk about mutable variables and mutable references.
A variable can be mutable, and you can borrow a value mutably. These are different.
When a variable is bound to a value, then we can talk about the variable's ability to modify the value.

let mut x = 42; // x is mutable and can change its value.
println!( ,X) // 42
X = 32;
println!( ,X); // 32
let y = 84; // y is immutable and cannot change its value
let mut z = y; // z is mutable and can change its value

// additionally y is copied to z here
z = 42;
println!( YaZ); // 84,42
let a = String: :from( ); // a is immutable and cannot change what it is bound to
let mut b = a; // b is mutable and can change value

// additionally a is moved to b here
println!( ,b); // hello
b.push_str( )
println!( ,b); // hello world

Things get tricky when a variable is bound to a reference. In this case, we can say the variable is mutable, or we can say
the reference the variable is bound to is mutable. Or we can say both. Or neither. Confusing. This impacts the variable’s
ability to mutate what it is bound to, or the data it points to.

let x = String::from( ); // immutable reference from x to hello
let y = &x; // immutable refenence from y to hello
println!( X0 Y) s // hello,hello

let mut a = String::from( ); // mutable reference from a to hello
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println!("{}",a); // hello
a.push_str(" world"); // a can mutate what it points to
println!("{}",a); // hello world

let mut b = String::from("hello"); // mutable reference from b to hello

let ¢ = String::from("bye"); // mutable reference from c to bye

println! ("{}",b); // hello

let mut d = &b; // the variable d is mutable, but borrows immutably
println!("{}",d); // hello

//d.push_str("world"); // d cannot change the value it points to

d = &c; // but d can change the value it is bound to

//d = 42; // as long as its the same type

println!("{}",d); // bye

let mut e = String::from("hello"); // mutable reference from d to hello

println! ("{}",e); // hello

let f = &mut e; // the variable f is immutable, but borrows mutably
//println! ("{}",e); // this makes e invalid during f's lifetime
f.push_str(" world"); // T can change the value it points to

//f = &mut String::from("bye"); // but f cannot change the value it is bound to

// this also doesn’t work because &mut String::from
doesnt make sense

printin! ("{}",f); // hello world; also f’'s lifetime ends here
println! ("{}",e); // hello world; allowing e to valid again
let mut g = String::from("hello"); // mutable reference from b to hello
let mut h = String::from("bye"); // mutable reference from z to bye
let mut i = &mut g; // the variable i is mutable and also borrows mutably
//println! ("{}",9); // this makes g invalid during i’s lifetime
i.push_str(" world"); // i can change the value it points to
println!("{}",1i); // hello world
i = &mut h; // 1 can also change the value it is bound to
// making there only be one mutable ref to "hello"
// meaning g is now valid again
println!("{},{}",i,9); // bye,hello world

15.8 Lifetimes

As we just saw, | made a distinction about lifetimes and scope. Rust does the same thing. Scope in Rust is no different than
any other language, it determines where a variable could be used. Rust however goes a step further and makes a distinction
about a reference’s lifetime and a variable’s scope. In many cases, the lifetime of the reference and scope of a variable are
the same, but there are also many cases when they are different. Consider:

{ let x = String::from("hello");
{ let y = String::from("hi");
println!("{}",y);
}
println!("Hello World");
let z = String::from("World");
}

In this example, 'x’s scope is lines 1-7, 'y's scope is lines 2-4, and 'z's scope is line 6-7. However, the reference that 'x’ points to
is only used on line 1, making it's lifetime Line 1. The reference 'y’ is bound to has a lifetime that is the same as 'y’s scope: it
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is used first on line 2 and last used on line 3/4, and the reference bound to 'Z’s lifetime is also the same as 'Z's scope: line 6/7.

Let's see this in terms of mutable and immutable references:

let mut x = String::from("Hello");
let y = &x;

println!("{}",y);

x.push_str(" World");

In this case: 'x’ starts off as a mutable reference 3, but the reference bound to y is created and to keep the rules of references
valid, x becomes immutable. However once the reference bound to 'y’'s lifetime ends, the reference that is bound to 'x’
becomes mutable again. The reference bound to 'y’s has a lifetime from lines 2 and 3 so after line 3, 'x’ becomes mutable
again. If we swap lines 3 and 4, this will not compile since 'x’ only becomes mutable after 'y’s lifetime ends.

let mut x = String::from("Hello");

let y = &x;

x.push_str(" World");

printin! ("{}",y); // this does not compile

It is important to note that variables are not references. References have a lifetime property (something that is checked
by the borrow checker to ensure when a reference is valid). Variables are valid to use during their scope. A variable’s scope
ends when the variable is popped of stack (typically a function call ending, but could be ending a code block, etc). A refer-
ence’s lifetime is from when it is created to when it is are last used.

What makes things confusing is that a variable may be bound to a reference which may be invalid. So while a variable
is valid to use, the data it is bound to is not.

let mut x = String::from("Hello");

let mut b = String::from("other");
let mut y = &mut Xx; // mutable borrow, all past references become invalid;
// x cannot be used until this reference’s lifetime ends.
// printin! ("{x},{y}"); // fails because above reason. using x while that references’s
// lifetime is still valid
println! ("{y}"); // can use y though
let a = &x; // immutable borrow. All previous references to x become
// immutable. since y was last used in previous line, it’s
// lifetime ended. Since y's lifetime ended, we can use x again.
// y still in scope, but the reference it’s bound to is invalid
// println! ("{y}"); // fails because the reference y is bound to is invalid.
y = &mut b; //y is bound to new reference. can now use y.

println! ("this works: {y}");

let b = &x; // can have infinitely many immutable borrows to x. this is fine
println! ("{x},{a},{b}"); // all good.
let z = &mut x; // mutable borrow, all past references become invalid

// a,b still in scope, but the references they were bound to
// were last used in previous line so those references’

// lifetimes end. Cannot use x until the reference created
// here’s lifetime ends

z.push_str(" World"); // the reference that is a mutable borrow to "hello" is last
// used here. So it’s lifetime ends.
println! ("{x}"); // can now use X again

3technically owner reference here is different, but different in a way that is not important right now



O 0Oy OB~ W N A

N N o a4 4 a2 a a a4 =
SNooxmJIaaxrrn 30

O 00N O &~ W N A

162 CHAPTER 15. RUST

Lifetimes are actually part of a reference’s type in Rust. Thus, when we use references in functions, we need to make sure we
know their lifetimes. A function with the type signature fn this(x:&’a 132) would not accept a piece of data that has a
lifetime of "b. Now we can't explicitly define a lifetime in Rust, but we can compare lifetimes to each other. We can say that
two variables 'a’ and 'b’ have either different lifetimes, or the same lifetime. We use a generic modifier like we did in OCaml:
'3, 'b, etc. For the most part we no longer have to manually annotate lifetimes on references since Rust has some handy
rules for determining lifetimes through type inference. This is done with an extension to the type checker called the Borrow
checker. Rust will run this checker before compilation and try to figure out lifetimes. If Rust cannot determine the lifetimes
through the borrow checker, you need to help the compiler out by annotating lifetimes for references. If the borrow checker
sees a contradiction of lifetimes, then Rust will not compile your program. Let's first look at the rules of lifetimes and then
we can see examples:

 Rule 1: For every parameter that is a reference: we assign a new lifetime generic

« Rule 2: if there is exactly one input reference, if the output is a reference, we assign it to the same lifetime as the
parameter

* Rule 3: If there are more than one input reference but one of them is &self or &mut self, then if the outputis a
reference, it recieves the same lifetime as the self parameter.

Let’s consider the following function headers:

fn this(x: &i32, y: &i32, z: &i32) -> i32

// Rust will use rule 1 here to give each parameter a different lifetime

// -> fn this<’a,’b,’'c>(x: &'a 132, y: &'b i32, z: &'c 132) -> i32

// <> after a function means it will use a generic. Much like Arraylist<T> uses a generic
// More on generics later

fn that(x: &i32,y:i32) -> &i32

// Rust will use rule 1 to give every input reference a different life time.

// -> fn that<’a>(x: &'a 132,y:132) -> &i32

// Notice that 'y’ doesn’t get a lifetime. That is because it’s not a reference
// Rust will then use rule 2 to give the output reference a lifetime

// -> fn that<’a>(x: &’'a i32,y:1i32) -> &'a 132

fn otherthing(&self, x: &i32, y:i32) -> &i32)

// Here &self is a reference to an object. Like in puython where you have self to refer to
// the current object, Rust also uses self. This means we have things like Objects and

// structs in Rust.

// Using rule 1 we give every input reference a lifetime

// -> fn otherthing<’a, 'b>(&"a self, x: &'b i32, y:i32) -> &i32)

// Rule 2 does not apply here since there are more than one input refernce

// Rules 3 does apply however so we can assign the output reference a lifetime

// -> fn otherthing<’a, 'b>(&'a self, x: &’'b i32, y:i32) -> &’'a i32)

However, there are cases when these rules cannot cover or determine the lifetimes of all references. What happens if we
have multiple input references, but none are self? In these cases, we need to manually give lifetimes to lifetimes to the
parameters.

fn this(x: &i32, y: &i32) -> &i32

// Rust will attempt to use rule 1 and give a lifetime to every input

// -> fn this<’a, ’'b>(x: &'a i32, y: &'b i32) -> &i32

// Rule 2 does not apply, nor does rule 3.

// We cannot determine the output’s lifetime so Rust Fails and makes use
// put explicit lifetimes on the parameters.

// either of the following would work

fn this<’a>(x: &'a 132, y: &’'a 132) -> &’'a 132

fn this<’a, 'b>(x: &'a 132, y: &'b 1i32) -> &’'a 132
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// The following would not work since there would be no way for the
// function to make a new lifetime without breaking rule 1 of references
fn this<’a,’b,'c>(x: &'a i32, y: &'b i32) -> &'c 132

15.81 Dangling Pointers

So now that we have an idea about what a lifetime is, and how Rust infers a lifetime for a reference, we should probably see
why Rust decided to make rules for this.

It all stems from the first rule of references: that all references must be valid. In order to determine if a reference is
valid, Rust needed some way to determine if a reference was actually pointing to live data, or data that is invalid. Consider
the following C Code:

int main(){
charx s1 = malloc(sizeof(char)=6);

strecpy(sl, )i
charx 1;
{
charx s2 = malloc(sizeof(char)x*4);
strcpy(s2, )i
1= longest(sl,s2);
free(s2);
1
printf( ,1);

}

charx longest(char*x x, charx y){
if (strlen(x) > strlen(y)){
return x;
}else{
return y;
}
}

In this program, all pointers will be valid and you will not have any memory safety issues. | could however, change s2 to
make this program unsafe:

int main(){
charx s1 = malloc(sizeof(char)=6);
strcpy(sl, )
charx 1;
{
charx s2 = malloc(sizeof(char)=*10);
strcpy(s2, )
1= longest(sl,s2);
free(s2);
1
printf( , 1)
}

char*x longest(charx x, charx y){
if (strlen(x) > strlen(y)){
return Xx;
}else{
return y;
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}
}

Here, 1 is a pointer trying to point to the value of 'byebyebye" but that memory area has already been freed. If we are
lucky, we will get a segfault.

This small change can make a program safe or unsafe. Rust will fix this problem and enforce the former using lifetimes.
Let's convert this to Rust without explicit lifetimes real quick:

fn main(){
let s1 = String::from("hello");
let long;
{
let s2 = String::from("bye");
long = longest(&sl,&s2);
}
println!("{} is longer",long);
}

fn longest(x:&str, y:&str) -> &str{
if x.len() > y.len() {x} else {y}
}

During compilation, Rust’s borrow checker will make sure that all references are valid and try to infer the lifetime (type) of
all the references. Let's take a look at Longest:

fn longest(x:&str, y:&str) -> &str

// Rule 1: give each input reference a different lifetime:

-> fn longest<’a, 'b>(x:&"a str, y:&'b str) -> &str

// Rule 2 does not apply: there is more than one input reference
// Rule 3 does not apply because there is no self.

If we try to apply the above rules, Rust will be confused as to what the return type of the longest function is so it will not
compile this program.

So we need to manually add the annotations of the lifetimes. We could try a few ways:

fn longest<’a,’'b,’'c>(x:&"a str, y:&'b str) -> &'c str
// If we try to do this, we will not compile because a lifetime of 'c could only be created
// in the function leading to a dangling pointer

fn longest<’a, 'b>(x:&"a str, y:&'b str) -> &’a str

// this is valid, but recall that a lifetime is part of type. This means we could not

// return y, because y (&'b str) has a different type than the the return value (&’'a str)
fn longest<’a>(x:&'a str, y:&'a str) -> &’a str

// this is valid and would allow us to return either x or vy

As noted in the comments, only real way to add lifetimes for a generic longest string function would be the last way (fn
longest<’a>(x:&'a str, y:&’a str) -> &'a str). However, how does that impact our program?

fn main(){

let s1 = String::from("hello");

let long;

{
let s2 = String::from("bye");
long = longest(&sl,&s2);

}

println!("{} is longer",long);
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fn longest<’a>(x:&'a str, y:&'a str) -> &’a str{
if x.len() > y.len() {x} else {y}
}

This means that both inputs to Longest have to live at least as long as the return value. This is not true: while s1 lives at
least as long as the return variable long, s2 does not live this long. So Rust will not compile this program (even though we
know this particular program is safe). This is an example of why Rust has a steep learning curve and why you will be fighting
the compiler on some fronts. It also showcases that Rust uses a conservative approach to safety.

15.8.2 Structs and Traits

15.8.3 Smart Pointers

When we used pointers in C, they were pretty straightforward: a pointer was just something that contained a memory ad-
dress. This meant that we could a whole bunch of unsafe things like read outside the bounds of an array. We know that in
higher level languages like Java, this is abstracted away and we get something like an IndexOut0fBoundException. Rust
wants to be safe so it needs to figure out an answer to this problem.

To solve this problem, Rust does what any good language does and takes from something else. C++ was the first language
to introduce the idea of smart pointers. A smart pointer is a wrapper for a pointer that also includes metadata about what
is being pointed to “This is typically done via a struct.

We actually have seen multiple smart pointers already: the String and Vec types. In Rust, smart pointers also allow you
to own the data the point to. A typical reference can only borrow. In Rust, smart pointers implement both the deref and
drop traits. The deref trait allows you to treat the smart pointer like any other pointer rather than a pointer to a pointer.
The drop trait allows you to write a deconstructor and tell rust how to drop what the smart pointer is pointing to.

trit objects allow us to say something of a particular tye. Box<dyn Draw> is different than Box<T>. Consider Vecs. they
need to be the same type. | could get around this with an enum, but also gross. Vec<Box<dyn Draw» allows me to say vector
of boxes that point to things that have a trait. useful!

recall onwership rules. there may be times this is not good. a linked list that we want two things to point to a already
existing thing. also maybe a tree or graph? why did ownership exist? to prevent double freeing. if we actualyl make a garbage
collector (ref count) then we don;t need to worry about this. so we can throw out ownership rules and use a garbage colelctor
(though Rust's rc is static not dynamic in terms of lifetime determination so is it really a gc? who knows

let a = Cons(5,Box::new(Cons(10,Box::new(Nil)))); let b= Cons(3,Box:::new(a)) // new takes ownership let ¢ = Cons(4,Box::new(a)).

could fix this with clone... but then list would need to implement clone we can get around this with RC or reference counter.
Rc::clone(&a) Re:clone(&a). this is fine. drop will decrement count, clone will increase it

“Some language make a distinction between fat and smart pointers. | am not sure if Rust does. A Fat pointer typically has the pointer and metadata. A
smart pointer is a pointer which can have metadata, but also has additional functionality
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Appendix B

NFA to DFA

We will walk through the NFA to DFA algorithm step by step. Let’s first consider the subset contruction algorithm:

NFA = (a, states, start,finals, transitions)
DFA (a, states, start,finals,transitions)
visited = []
let DFA.start = e-closure(start), add to DFA.states
while visited != DFA.states
add an unvisited state, s, to visited
for each char in a
E = move(s)
e = e-closure(E)
if e not in DFA.states
add e to DFA.states
add (s,char,e) to DFA.transitions
DFA.final = {r| re DFA.states and 3 s € r and s € NFA.final}

For this example: let's take the following NFA:

NFA = (['a’,’b’], [/ the alphabet
[0,1,2,3], // the states

o, /] the starting state
[3], // the final states
[(o,"",1), /] the transitions in the form of (source,char,destination)

(o,’a’,1), (o0,’a’,2), (o,'b",2),
(1,’a’,3), (2,’a’,0), (2,"",3),
(3,’b",0), (3,’b",1)]

This NFA would visually look like the following:

a

A
WY
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To begin, the DFA has not been constructed but we should at least know the alphabet for the DFA. So we can at this
moment in time that DFA = (['a’,’'b’], [1,?,[1,[]1). Next we set visited = []. We have now done the first 3
steps of the algorithm and are ready to begin building our DFA.

The first step is to figure out what the DFA start state is. In this case, DFA.start = e-closure(start). So in this
case, we take the NFA's start state (state 0) and perform e-closure on it. In this case, we ask ourselves, where can | go
from state o using any number of € transitions and only € transitions? Here we can only go to state 1, and since every state
has an implicit € transition to itself, we can say that e-closure(1l) = [0,1]. We now add that to our DFA states. Our
result looks something like:

DFA = ([’a’,’b’], [/ the alphabet
@ [[1,0]], /] the states

[1,0], /| the starting state
(1, /] the final states
[ /| transitions

We know how to take a look at the next step of the algorithm. The next step is:
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