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Chapter 6

Data Representation

Before machine code generation is feasible, it is necessary to address a number of
run-time issues that are independent of code generation per se, but are needed for
code to run. Most of these issues did not become evident in the interpreter as they
implicitly use the run-time environment of the metalanguage which is sufficiently
powerful. With assembly language, however, the runtime environment is almost
non-existent, so it is necessary to add a few ingredients.

6.1 Addressing Run Time Issues

The interpreters for the lambda calculus and the CPS language—despite being
definitional—implicitly make use of a number of facilities of the metalanguage.
They have gone unnoticed so far because they are not even part of the denotational
semantics: the metalanguage of mathematics either provides these facilities as well
or is simply not concerned with the operational consequences of one or the other
implementation of them.

Among these issues are:

Data representation How does a value from a sum domain translate into the
domain of bits and bytes?

Memory management In mathematics, “memory” is infinite—it does not matter
how many objects a running program “creates.” Not so for real machines.

Of these issues, data representation and memory management are very closely re-
lated and pose important design constraints on the other two. Therefore, they are
first.

6.1.1 Data representation and memory management

From the interpreters, it is not obvious what the exact requirements concerning
data representation on the actual machine are. A naive coding of the components
of the value data type would look like this:

Unit The word 0.

EmptyList The word 0.

Int A word with the same value as the integer argument.

Bool The word 0 for true, the word 1 for false.
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86 CHAPTER 6. DATA REPRESENTATION

Char A byte with the ASCII of the character.

String An area in memory (the heap) where the first word contains the length of
the string and remaining bytes contain the characters.

Closure An area in memory where the first word is the address of the closure
environment, and the second word is the address of the code representing the
body of the abstraction that created the closure.

Cons An area in memory which begins with the first (head) component of the pair,
after which comes the second (tail) component of the pair.

Wrong The word 0.

Unfortunately, the naive coding is unsuitable for several reasons. For illustration,
consider the following Mini-Caml program:

let pair x = [x]

let main () = begin pair 42; pair [42] end

The program applies pair once to a number and once to a list. Whereas the number
fits in one word, the list—really a pair—does not. However, pair needs to handle its
argument in some way to stuff it into a pair. Unfortunately, since it is polymorphic,
it has no information about the type of the object and therefore cannot determine
how to put it inside a pair. Intuitively, the type of the object does not matter since
pair does not “look” at the object but only puts it somewhere else. However, it at
least needs to know how big the object is.

The obvious solution is to make all objects have the same size—a single word
comes to mind. Some objects already fit in one word. Those which do not are
composite objects easily represented by a pointer to a memory area representing
the object rather than the memory area itself. The process of replacing a composite
object by a pointer to it is called boxing, the reverse—dereferencing the pointer—it
called unboxing.

However, the resulting representation still has two problems:

let main () = fst 42

The semantics of the above program is obviously undefined—it contains a type error.
However, the data representation does not reflect that fact: The representation for
the number 42 looks just like a pointer to a pair, and the program, when run, will
happily dereference it, leading to a more or less random result. Even though C
programs routinely exhibit random behavior because of exactly such errors, this
is just as clearly undesirable. If pointers were distinguishable from integers, the
running program could check that the argument to fst is indeed a pointer to a pair,
and, on failure, report the error in an orderly fashion which allows the programmer
to fix the bug.

In the full Caml language, the type system prevents such errors. Therefore,
run-time type checks are not necessary there. Conceivably, a static type system
with a suitable checking machine could be added to the compiler. However, even
with static type checking in place, another problem remains which is not as easily
moved to the realm of the static:

let rec garbage count =

if count = 0

then 42

else begin [42]; garbage (count - 1) end;

let main () = garbage 99999999
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Apart from the fact that the program does not do anything useful: It creates
99999999 pairs when it is run, and each pair consumes two words of memory. Most
realistic machines do not have that much memory. However, the pair [42] becomes
“garbage” immediately after its creation: It is no longer accessible for the program
(it is dead), and therefore the memory that it takes up can immediately be re-used
for other purposes. However, Mini-Caml has no equivalent to Pascal’s dispose

directive or C’s free function to make the memory available again. Also, even
though it is clearly statically visible in the example when the pair dies, such a static
analysis is usually much harder in realistic programs. (Even though it is possible.)

Therefore, most implementations of high-level languages provide a facility called
garbage collection or just plain GC. When a program runs out of memory, it calls
the GC which reclaims the memory of all objects which the running program may
no longer access. GC techniques and algorithms fill a book. However, it is clear
that the GC needs support from the language implementation to do its work:

1. It needs access to all objects that the running program has “immediate” access
to. In our interpreter, this would be the values of the registers. These objects
form the root set.

2. The GC needs to trace through all objects reachable—directly or indirectly—
from the root set to form the set of live objects. To do this, it needs to
distinguish immediate objects which fit in a word from pointers, and it needs
to know what components of composite objects are reachable through the
object.

The first point will be easy to satisfy. However, the second requirement really means
that the objects have to carry a limited amount of type information for the tracing
to be possible.

The next draft of the data representation could look like this:

• All values that the running program handles are pointers to objects in the
heap.

• The first word of an object in the heap either represents a small immediate
object (the empty list, unit, true, false, or a character) or the type of larger
object.

• The second word of an object contains its size in bytes. This could be inferred
from the type in most cases, but not for strings, for instance. Generally, it is
a useful piece of information to have around.

• The remaining words contain the actual data representing the object.

This representation fulfills all the requirements. However, it is still inefficient: For
every integer operation, a dereference becomes necessary because all integers reside
in the heap. Moreover, the result must be stored in the heap, resulting in further
overhead. However, on 32-bit architectures, pointers always have the following form
(again reverting to conventional bit counting):

Bits 31–2 Bits 1–0

x 00

The two least significant bits are always 0 and therefore contain no useful infor-
mation. If 30 bits are sufficient, words of the following format (descriptors) could
represent objects:



88 CHAPTER 6. DATA REPRESENTATION

Type Bits 31–2 Bits 1–0

Integer integer value 00

Unit 000000000000000000000000000000 01

Empty list 000000000000000000000000000001 01

False 000000000000000000000000000010 01

True 000000000000000000000000000110 01

Character 00000000000000000000xxxxxxxx11 01

Heap object upper bits of pointer 10

The lower two bits encoding partial type information are called the tag of the object.
Note that choosing a tag of 00 for integers means that addition and subtraction
work just as before, and only division and multiplications require shifts for the nec-
essary adjustments. The fact that pointers no longer represent themselves is easily
remedied by an offset of -2 in indirect addresses—something that modern processors
provide anyway. One tag value is still available for miscellaneous purposes.

An object in the heap has the following layout—starting with the address pointed
to by the descriptor:

Word 0 Word 1 ...

Header Data ...

The header has the following layout:

Bits 31–4 Bits 3-0

Size (bytes) Type

The type tag in the header can have the following values:

Type Tag

Pair 0000

Closure 0001

Continuation 0011

Environment 0100

String 1000

The assumption is that every heap object with a type tag that has its upper bit sets
is actually a bitmap which does not contain further descriptors, but instead some
opaque data of no interest to, say, the garbage collector. Again, the encoding is a
matter of convention, not necessity.

Note also that no type tag has a trailing 10 bit pattern—this is reserved for
representing broken hearts in a moving garbage collector.

6.1.2 Environments and continuations

For first-order heap objects such as strings or pairs, it is straightforward to find
a suitable heap representation. For environments and continuations, slightly more
care is needed because both carry identifiers—at least as represented in the inter-
preters. However, in Mini-Caml, identifier usage and binding follows the rules of
static scoping. The name suggests that a compiler can leave identifiers in the static
realm and drop them for execution purposes.

The first-order representation of environments indeed suggests that environment
access is possible through a simple index. As the interpreter creates new bindings
in a LIFO fashion, the index is really a reverse stack depth. A possible layout for
environment objects is therefore the following:

Word 0 Word 1 Word 2 . . .

Header previous environment Entry 0 further entries
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In this setup, the environment consists of linked frames, each of which can contain
any number of bindings. Note that currently, binding works in such a way that
bindings always happen one variable at a type; frames therefore typically contain
only one binding each.

With environments out of the way, closures are easy:

Word 0 Word 1 Word 2 . . .

Header Environment Code . . .

This would, however, destroy the uniformity of heap object layout: A heap object
is supposed to consist of descriptors only. It is therefore required to store the code
in an separate heap object, a code vector that contains bitmap data only. We
introduce an additional layer, a code template which holds the code vector along
with any data needed by the code. There is no such data in the current system but
additional features of the language, such as a module system, will need this space.
Code templates look like this:

Word 0 Word 1

Header Code vector

Closures now simply hold an environment and a code template:

Word 0 Word 1 Word 2

Header Environment Code template

We also need to define the tags of code vectors and code templates. Code vectors
have the most upper bit set to indicate that they are holding bitmap data. Code
templates are ordinary descriptor vectors:

Type Tag

Code vector 1001

Code template 0101

Continuations and exception handlers can use the same layout. They also store
their code in code templates:

Word 0 Word 1 Word 2 Word 3 Word 4

Header Environment Continuation Exception handler Code template

6.1.3 Generating descriptors and headers

Now that we know how to our value domain is represented in the memory we have
to provide the means to generate this representation. Depending on the nature of
the values, either the compiler or the generated code produces the actual represen-
tation. This section describes a small library for generating descriptors and headers
statically, i.e. within the compiler. The run-time library will be much smaller and
will be presented during the presentation of the actual code generation.

First, a function to combine two integer values into a single value comes in
handy:

let adjoin_bits high low width =

Int32.logor (Int32.shift_left high width) low

The first generated object are descriptors. We need to define the width of the
tag, the known values for the tag, and a function to build a descriptor from a tag
and some data:



90 CHAPTER 6. DATA REPRESENTATION

let tag_field_width = 2

let fixnum_tag = Int32.of_int 0

let immediate_tag = Int32.of_int 1

let heap_object_tag = Int32.of_int 2

let make_descriptor tag data =

adjoin_bits data tag tag_field_width

Generating fixnums and the immediate values is now a simple exercise. The
library does not include a function to generate descriptors for heap objects as the
pointer is only known at run time.

Generating headers is next. The fundamental constants are the length of a
header and the length of the field that is holding the type:

let bytes_per_word = 4

let header_length_in_bytes = Int32.of_int (bytes_per_word * 1)

let header_type_field_width = 4

The constructor for headers needs to know the type and the size of the header:

let make_header header_type size =

adjoin_bits size header_type header_type_field_width

The miscellaneous tags for the types form a simple enumeration:

let header_pair_tag = Int32.of_int 0

let header_closure_tag = Int32.of_int 1

let header_continuation_tag = Int32.of_int 3

let header_environment_tag = Int32.of_int 4

let header_code_template_tag = Int32.of_int 5

let header_string_tag = Int32.of_int 8

let header_code_vector_tag = Int32.of_int 9

Two functions compute the size of a heap object. The first, make_dsize, works
for descriptor vectors whereas the second, make_bsize, works for byte vectors:

let make_dsize no_ds =

Int32.add (Int32.of_int (bytes_per_word * no_ds)) header_length_in_bytes

let make_bsize bytes =

Int32.add (Int32.of_int bytes) header_length_in_bytes

Using these functions, the size of the heap objects can be defined to be either a
constant, or a function of the size of the data:

let pair_size = make_dsize 2

let closure_size = make_dsize 2

let continuation_size = make_dsize 4

let make_environment_size no_bindings = make_dsize (1 + no_bindings)

let code_template_size = make_dsize 1

let string_size len = make_bsize len

Generating the headers is now trivial:
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let pair_header = make_header header_pair_tag pair_size

let closure_header = make_header header_closure_tag closure_size

let continuation_header = make_header header_continuation_tag continuation_size

let code_template_header =

make_header header_code_template_tag code_template_size

let make_environment_header no_bindings =

make_header header_environment_tag (make_environment_size no_bindings)

let make_code_vector_header len =

make_header header_code_vector_tag (code_vector_size len)

let make_string_header len =

make_header header_string_tag (string_size len)

The final task of our small library is the access to heap objects. Of course the
code has to perform this access at run time, but for many cases, the offset within
the heap object is know statically. Therefore, our library defines a few constants
that hold offsets in bytes for the standard objects:

let header_offset = 0

let bytes_from_offset off =

(Int32.to_int (header_length_in_bytes)) + (off * bytes_per_word)

let env_prev = bytes_from_offset 0

let make_env_bind offset_in_binding = bytes_from_offset (1 + offset_in_binding)

let clos_env = bytes_from_offset 0

let clos_ct = bytes_from_offset 1

let ct_cv = bytes_from_offset 0

let cont_env = bytes_from_offset 0

let cont_cont = bytes_from_offset 1

let cont_exh = bytes_from_offset 2

let cont_ct = bytes_from_offset 3

As pointers to heap objects are descriptors, access using such an offset needs to
subtract the tag. The function untag performs this adjustment:

let untag o = o - (Int32.to_int heap_object_tag)
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