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Software Implementation

This sheet of notes is intended as an aide-memoire about different kinds of programming languages and the main ways they are implemented. The topics on this sheet are interdependent, so each one assumes you understand the others …

Compiled vs. interpreted languages

An interpreter reads the source code of a program (a text file) and directly performs the actions specified in that source code. For example, suppose the source code was this Python program:

# Print primes up to 100

candidate = 2

while candidate < 100:

    trial = 2

    no_factors = True

    while no_factors and trial <= candidate // 2:

        if candidate % trial == 0:

            no_factors = False

        trial = trial + 1

    if no_factors:

        print(candidate)

    candidate = candidate + 1

 The first step for the Python interpreter after is to parse this program into an internal representation known as  a parse-tree or abstract syntax tree (AST). The above program might for example be transformed into the following equivalent parse-tree: (pto)
        ("block",

         ("assign", "candidate", 2),

         ("while", ("<", "candidate", 100),

          ("block",

           ("assign", "trial", 2),

           ("assign", "no_factors", True),

           ("while", ("and", "no_factors",

                             ("<=", "trial", ("//", "candidate", 2))),

            ("block",

             ("if", ("==", ("%", "candidate", "trial"), 0),

              ("block",

               ("assign", "no_factors", False),

               ),

              ),

             ("assign", "trial", ("+", "trial", 1)),

             ),

            ),

            ("if", "no_factors",

             ("block",

              ("print", "candidate"),

              ),

             ),

            ("assign", "candidate", ("+", "candidate", 1)),

            ),

           ),

          )

Once the parser of an interpreter has constructed this parse-tree, it hands it to the evaluator, which “walks over” the parse tree, treating the parse-tree as instructions to follow. (An interpreter emulates a virtual machine which directly executes the parse-tree.)
By contrast, a compiler constructs a parse-tree, but it does not directly execute the parse-tree. Instead it “walks over” the parse tree and generates another program in assembly code, which can then be assembled into a machine language program and run directly on the hardware CPU of the computer. For example the above parse-tree might be transformed into the following assembly code: (pto)
         PUSH 2

         STORE 0  # candidate

L0001     

         LOAD 0  # candidate

         PUSH 100

         CMPLT 

         JUMPZERO L0002  # exit while-loop

         PUSH 2

         STORE 1  # trial

         PUSH 1

         STORE 2  # no_factors

L0003     

         LOAD 2  # no_factors

         LOAD 1  # trial

         LOAD 0  # candidate

         PUSH 2

         DIV 

         CMPLE 

         AND 

         JUMPZERO L0004  # exit while-loop

         LOAD 0  # candidate

         LOAD 1  # trial

         REM 

         PUSH 0

         CMPEQ 

         JUMPZERO L0005  # skip over if-body

         PUSH 0

         STORE 2  # no_factors

L0005     

         LOAD 1  # trial

         PUSH 1

         ADD 

         STORE 1  # trial

         JUMP L0003  # back to top of 

L0004     

         LOAD 2  # no_factors

         JUMPZERO L0006  # skip over if-body

         LOAD 0  # candidate

         OUT 

L0006     

         LOAD 0  # candidate

         PUSH 1

         ADD 

         STORE 0  # candidate

         JUMP L0001  # back to top of 

L0002     

         STOP

The advantage of this two-step compilation approach is that the resulting machine-code program usually runs much faster than the same program when executed  by an interpreter. (Generally around 30 to 100 times faster.) This substantial increase in speed can be very important in some circumstances, but modern computers are often far faster than we need and interpreted programs are generally more than fast enough to keep up with us slow humans. Usually the critical factor is not how fast it is possible to run a program but how fast it is possible to write (and debug!) a program. Some languages are more succinct, less error-prone and more convenient to write, and these languages generally lend themselves best to implementation through interpreters rather than compilers.
Statically typed vs dynamically typed languages
In a dynamically typed language, variables and function parameters do not each have a fixed type, and only take on particular types when values are assigned to them. In contrast, in a statically typed language, every variable and function parameter must be declared to have a particular fixed type and only values of that type may be placed in it. For example, here is a (slightly simplified) version of the above program in the C language:
    /* Print primes up to 100 */
    int candidate = 2;

    int trial;

    bool no_factors;

    while (candidate < 100) {

        trial = 2;

        no_factors = True;

        while (no_factors && (trial <= (candidate / 2))) {

            if (candidate % trial == 0) {
                no_factors = False;

            }

            trial = trial + 1;

        }

        if (no_factors) {

            printf("%d\n", candidate);

        }

        candidate = candidate + 1;

    }
The program looks fairly similar, but  as you can see, the variables must be first declared to have particular types before they are used. This might seem like a small difference, and two questions immediately suggest themselves: firstly, what’s the point of declaring the types? (How does it help?) And secondly, it doesn’t look like that much of an inconvenience, so why is it a problem?
The point of declaring types like this is so that in a compiled language, the compiler can choose appropriate machine instructions in the generated machine-language program. For example, CPUs have different instructions for floating-point addition and integer addition. A generated machine-language program will have to have the correct instruction to deal with the data from a particular variable. Thus languages with static types are often compiled, because compilation is straightforward. On the other hand, dynamically typed languages are usually interpreted, since it is usually too hard ahead of execution time to predict for sure what types particular variables would have. (And in general this would be impossible, since types could change depending on user input.)

The answer to the second question, why static types are inconvenient, is less obvious. Yes, writing out the types is more programmer effort, but usually even in a dynamically typed language the programmer only puts values of one particular type in a variable, so what’s the problem? We could also point out that a statically typed language checks that the programmer is using variables consistently, so this is a kind of pre-execution consistency check. Really, what is the problem with static types?
The problem is that with static type systems there are some sensible, useful functions which we cannot write because we cannot give types to their parameters. For example consider the following Python function which “zips” two lists together into a list of pairs:

def zip(a, b):

    result = []

    count = min(len(a), len(b))

    for i in range(count):

        result.append((a[i], b[i]))

    return result

This function zips together lists containing any type of data. It is impossible to write this useful function in most statically typed languages because we would have to specify the type of zip’s parameters a an b. They are lists of … what? Integers? Strings? Floats? Whichever specific types we choose, that means that we have a version of zip which can only work on lists of that type of data, not on any lists like our Python function. Hence programmers in statically typed languages tend to have to write more special case code to deal with different types rather than re-using general purpose code unchanged on the different types. (Or they use “get out of jail free” mechanisms like C’s cheating type void*, which breaks the type system.)
High-level vs. low-level languages

With high level languages, the programmer leaves many implementation details to some program (for example, an interpreter). This is probably best explained by some examples.

Python is certainly a high-level language, because a lot of details of program execution are left to the interpreter to sort out. For example, where precisely in memory is this list or that string stored? When a list is no longer used, what happens to the storage? In a high level language there is generally a “garbage collector” which notices when previously allocated memory cannot possibly be used again and automatically recycles it.

The database query language SQL is also certainly a high-level language. For a particular SELECT there will often be many different ways to execute it. For example, tables could be filtered and then joined, or joined and then filtered. Neither way is guaranteed to be better in all circumstances. Sometimes one will be better, sometimes another. As programmers, we hope that the database engine chooses the way which is most efficient for our data. With SQL we don’t specify how to form the results of a query, but rather we specify what properties the resulting data should have.

In contrast, the C language is lower level than Python, since the programmer is left in control of the precise machine representation of data and is responsible for recycling unused memory themselves.
Lowest level of all is assembly code, where the programmer is given no help even with control-structures like for loops or while loops, but has to construct the equivalent out of JUMP instructions.

(Low level languages are inconvenient and generally avoided wherever possible by programmers because writing in them is more fiddly and error prone. However, sometimes it is necessary, for example when programs must run as fast as possible and precise control over machine representation of data is required.)
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