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My thesis was typed using a conventional typewriter producing three copies
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Since its print quality is poor I have decided to reconstruct the thesis using KTEX.
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fonts. The main text is in Times Roman with chapter headings and sections in
bold. Program code is written in a typewriter font where possible to simulate
the look of code written using a flexowriter. Reserved words such as if and
while are underlined, and some symbols such as < and # involve overprinting
which was poassible on the flexowriter using the backspace key. The flexowriter
had a paragraph sign used in the representation of CPL section brackets. In this
document they are represented by § and §. On the first implementation of BCPL
at MIT they were represented by $( and $) and when the ASCII character set
became available they were replaced by { and }.

I have not used the IXTEX facilities for chapter and section headings, and
have not used the IXTEX mechanisms for table of contents, bibliography or the
appendices.

This reconstruction is in the early stages of development. More content will
appear when I have time to type it in, but this is likely to be rather slow.
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Introduction
Summary

CPL (Combined Programming Language) is a programming language which
has been jointly developed by London and Cambridge Universities; since its in-
ception in 1962 it has become more extreme in its underlying philosophy and
structure and has thereby become a language of academic interest. Much of
the thought that has gone into CPL and its compiler is applicable to CPL-like
langages in general.

This dissertation is a presentation of CPL, describing and discussing some
of the language concepts and implementation problems with particular reference
to the existing CPL compiler at Cambridge (throughout this dissertation this is
called the Cambridge CPL compiler). Many of the new ideas in CPL cause some
difficulty in the design of its compiler since existing techniques were not powerful
enough or not suitable for other reasons.

Chapter 1 describes and discusses CPL and Chapter 2 considers some of the
implementation problems. Chapter 3 is concerned with the detailed design of the
CPL compiler and discusses various algorithms for transforming CPL text in an
internal semantic structure called the Applicative tree.

In Chapter 4 the translation process from this semantic structure to machine
code is discussed and an intermediate object code called CPLOCODE is sug-
gested.

Chapter 5 is concerned with the actual implementation of the compiler; it
describes a macro code system that was specially developed for it and this is
compared with an altternative method of coding using a very basic high level
language, called BCPL, which evolved from the macro system.
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CHAPTER 1
1.1 Outline of CPL

Since this dissertation is largely concerned with CPL and its implementation
it is necessary to start with a brief description of the language.

1.1.1 CPL character set

Although the hardware representation is not an important part of the logical
structure of CPL, it is in the philosophy of CPL to be readable and, where
possible, self explanatory; the use of a large character set is thus natural. The
examples of CPL programs that occur in this dissertation will use a character set
that includes capital and small letters, the digits 0 to 9 and the following symbols

+ - x /
¢ ) [ 1

b

>
* < A

>
- § |

) * 3

overprinting with vertical or diagonal bars and the use of underlining further
extends the charater set.

1.1.2 Basic symbols

The basic symbols of CPL are constructed from sequences of one or more
of these characters. This set of symbols includes many underlined words and a
number of composite characters, such as:

:= and <=>

1.1.3 Identifiers, string constants and numbers

An identifier is either a small letter followed optionally by one or more primes
or a capital letter optionally followed by letters, digits and dots and possibly
terminated by primes.

e.g. a X x’
Abl L.x3 p’’

A string constant is a sequence of characters from the string constant character
set, its first and last characters are primes. The string constant character set set
includes all the CPL charaters and the following six composite characters:

*7 x| kg %t *kn kx
which are used to represent respectively the six string characters

> || space tab newline *



A number is a sequence of digits and possibly one decimal point; no spaces
are allowed in numbers.

1.1.4 Canonical symbols

Canonical CPL is a representation independent form of CPL consisting of a
sequence of basic symbols, identifiers, string constants and numbers; its purpose
is to assist the description of the language by defining the boundary between
representation dependent and independent features. It can be used as an inter-
mediate stage in the translation from one hardware representation of CPL to
another.

1.1.5 Data items and types

A CPL program is concerned with relations and operations on data items;
these may represent either numerical or non-numerical objects, and their types
describe the sort of objects represented and often the precision of the represen-
tations.

The numerical types include:

index a positive or negative small whole number
integer an integer using the same machine representation as real.
real a number in the range £10'% with a precision of about

10 decimal digits.
double a number with twice the precision of real.

complex an ordered pair of realnumbers with arithmetical properties
similar to those of A+iB,

double complex a complex number of about twice the precision of complex.

Among the non-numerical types are:

boolean a truth value which may only be trueor false.
logical a standard length string of binary digits.

long logical a twice standard length string of binary digits.
string a string of CPL characters.

label a representation of a program point.



1.1.6 Expressions

Data items may be combined together with operators to for expressions; these
data items may occyr explicitly as a written constant or they may be referred t
by their identifiers, as in:

3xx + 4xy - 2yy
or PA8TT NV qA8TTTTTT

Syntactically the most basic form of expression is called the individual; this
may be a either a written constant, or identifier, an array or function application
or a block expression; these will be described later.

The expression operators which combine these individuals have binding pow-
ers and association rules which make the interpretation of CPL expressions as
close to the natural mathematical meaning as possible. For the more complicated
expressions round brackets may be needed for grouping subexpressions; there is
no limit to the depth of nesting or the degree of complexity allowed.

Every expression can be evaluated to yield a data item and the type of this
data item is termed the type of the expression and can be statically determined
from the written form of the expression and the types of its component data
items.

1.1.6.1 Function applications

A function application is a short hand notation for a complicated expression.
The expression is associated with the function name by a function definition, see
(1.1.8.3), and is evaluated at each application of the function. The syntactic form
of this is

By [Es]

where F is an identifier, a function or array application or an expression in round
brackets and Fy is a list (which may be empty) of expressions; this list is called
the actual parameter list and is used to convey information from the application
to the body of the function in exactly the way used in routine calls, see (1.1.8.2).

A function can have more than one result and it may also be evaluated in
Left Hand Mode, see (1.1.7.1).

1.1.6.2 Arrays

A data item whose type is array represents a collection of elements which are
all of the same type; the individual elements are referred to by their coordinates
which are numbers of type index, and the number of indices required is called
the dimension of the array. The syntactic form of an array reference is the same
as for a function application; the following is an example:




Ali, j+1]
An array of dimension more than one can be thought of and used as vector
of arrays of dimension one less. Thus if A is a real 2 array then A[i] is a
reference to a real 1 array and the expression A[i] [j+1] is exactly equivalent
to A[di,j+1].

The dimension and component types are static and cannot be changed by
assignment. An array is constructed using the function Newarray; this con-
structs a rectangular array of any number of dimensions and the argument
list contains the component type and the bounds of each dimension, thus
Newarray[index, (1,10),(0,100)] is an expression whose result is a rectan-
gular array such that A[i,j] is of type index and references elements whose
coordinates lie in the ranges 1<=1<=10 and 0<=j<=100.

Newarray only creates the space and structure of the array, it does not ini-
tialise the elements.

1.1.6.3 Expression operators
The expression operators are broadly separated into three groups in decreasing
order of binding power — arithmetic, relational and logical.
1.1.6.4 Arithmetic operators
The arithmetic operators are
+ - X / T

Juxtaposition between individuals implies multiplication and is treated exactly
as though the multiplication sign was not absent.

Multiplication (x), division (/) and exponetiation (1) are all of equal prece-
dence and associate to the right while addition (+) and subtraction (=) are less
binding and associate to the left. The monadic operators + and - are recognised
by not having individuals on their left and they have the same binding power as
their dyadic forms, thus -afb means -(afb).

1.1.6.5 Relational operators

The relational operatores are
= # < < > > << >>

They are all equally binding and may occur in an extended relational expres-
sion as in

a<b<CH+2



The type of such an expression is always boolean and it value is trueif and

only if all the component relations are true, that is, in the above example, if a <
b and b < C+2.

The other relational operators have meanings close to the natural mathemat-
ical sense.

1.1.6.6 Logical operators

The following are the logical operators listed in decreasing order of precedence.
~ A % 7 =

These operators yield logical or boolean results depending on the types of their
operands. Where the result is a bit string the dyadic operators produce a value
whose n'" bit depends only on the corresponding bits of the two operands and is
determined from the following table.

Operands Operator
A \% = #

both 0 0 0 1 0
both 1 1 1 1 0
otherwise 0 1 0 1

where the type of the result is boolean its value may be determined from the
same table by replacing 0 by false and 1 by true.

The operator ~ is monadic and its result is the logical negative of its operand.

1.1.6.7 Concatenation of strings

Strings may be concatenated using the operator <=>; its binding power is
less than the arithmetic operators though more than the relations. The result of

concatenation is a string consisting of the first argument joined on to the left of
the second argument.

1.1.6.8 Conditional expressions

The syntactic form of a conditional expression is
Ey > FE,, Es

where Fy and Fj5 are general expressions and Fj is not itself a conditional ex-
pression.



To evaluate a conditional expression, first F;, which must be boolean, is
evaluated to yield a result true or false, then the result is the value of Fs if E;
was true otherwise the value of Ejs.

1.1.7 Commands

A data item has a value and this may be changed or updated by means of
the assignment command. Before describing this command it is necessary to
introduce the concept of mode of evaluation.

1.1.7.1 Left hand mode

The result of evaluating in Left Hand Mode (Lmode) is a representation of a
reference to a data item and is called an Lvalue.

1.1.7.2 Right hand mode

Evaluation in Right Hand Mode (Rmode) produces the value of the data item
and this is termed the Rvalue. In an assignment command it the Rvalue of the
data item that is changed; there is no way in which an Lvalue of the data item
can be changed once it has been created.

1.1.7.3 The assignment command

The basic assignment operation acts on two operands, one an Lvalue and the
other an Rvalue; its effect is to replace the Rvalue of the data item whose Lvalue
is the first operand by the Rvalue which is the second operand.

The CPL assignment command is a generalisation of this basic assignment;
its syntactic form is

E1 = E2

where E; and F5 are both expressions or lists of expressions separated by commas
as in

i, Symb[i] := i+1, C

The left hand side is evaluated in Lmode to produce a list of one or more Lvalues
and the right hand side is evaluated in Rmode to produce a list of the same length
of Rvalues; appropriate type transfer functions are then applied to the Rvalues
where necessary to make their types correspond to those of the Lvalues, and
finally the basic assignment operation is performed to the corresponding pairs of
L and Rvalues taken in turn.

1.1.7.4 Command sequence

Command are normally obeyed in sequence one after the other until either the
end of the command sequence is reached or a transfer command is encountered.

8



Syntactically the commands in a command sequence are separated by semicolons
or newlines; the newline only acts as a command separator where it makes sense,
it is otherwise ignored.

1.1.7.5 Labels

A command may be labelled with an identifier, as in
L: R[x, vyl

In this example, L is said to be a label set by colon and its Rvale is a representation
of this point in the program. It may be referred to by its identified from any
place in the routine body or result block in which the labelled command occurs
provided that the definition of the same identifier does not shiel the label. The
sole purpose of a label is as the goal of a transfer command.

1.1.7.6 Transfer command

The syntactic form of a transfer command is
goto I

where F is an expression of type label.

The effect of this command is to break the normal sequence of execution and
resume it at the command which is labelled with the label whose value is equal
to the Rvalue of the expression F.

A label may have several activations if it occurs in a funtion or routine that
is used recursively. At a routine call a new set of data items is created whose
Rvalues represent each of the labels in the routine body and these are different
from the Rvalues of all other labels, in particular they are different from the
Rvalues of labels of an outer activation of the same routine. A transfer command
therefore must first exit from as many functions and routines as necessary until
the right activation is reached and then resume execution at the appropriate
label. If this involves entering any blocks the declarations in the block heads are
performed so that when execution is finally resumed as the bound variables have
been declared. If while performing a declaration another transfer command is
encountered this supercedes the current transfer.

1.1.7.7 Routine command

The routine command is a shorthand notation to call for the execution of the
complicated command which occurs in the definition of the routine being called.
The syntactic form of a routine call is

Ei [ Ey] or an identifier



where FE is either an expression in round brackets, a function or array applica-
tion, or just a single identifier, and FE is either empty or a list of one or more
expressions; Fs is termed the actual parameter list. The following are examples
of routine calls

Rexp [n]
B->f,g) [a, b, 1, L]

Information may be handed from the call to the body of the routine via the
actual parameter list, and the expressions in this list are evaluated at the time
of the call in the types and modes declared in the routine’s definition, this is
described in detail in (1.1.8.2).

1.1.7.8 Conditional commands and loops

These commands are to assist in specifying and controlling the order of evalu-
ation of basic commands; a wide variety of such commands is available and they
are listed below giving their syntactic forms.

if Fdo C

unless F do C

while £ do

until £ do

C repeat while F

C repeat until F

C repeat

test £ then do C or ()

In all these commands FE is a boolean expression and C, C; and C5 all stand for
commands. The value of E determines the flow of execution; for instance, the
effect of the test-command is that of executing Cy or C'; depending on whether the
value of E is true or false respectively. The meanings of the other commands
in this group are self explanatory.

1.1.7.9 For-commands

A for-command is a loop command in which a control variable is successively
set to the values of a sequence specified by the for-list. The syntactic form of the
for-command is

for N = Flist do C

where N is an identifier called the control variable, C' is the controlled command
and Flist is the for-list which is a syntactic represntation of a list of values;
basically it is either a single list of expressions or one of the following notations
for an arithmetic progression:

10



FEi to B, equivalent to Fy, B4 +1,...,F,
step Fy , Ey , F5 equivalent to By, By + Es, ..., E3
or E1 N E2 e e ey En

The general for-list consists of a string of these baisc forms separated by commas.

The sequence of values specified by the for-list is evaluated once and only once
on first encountering the for-command, then the body C' is repeatedly executed
with the control variable successively declared and set equal to each value in
turn until either the sequence is exhausted or execution is transferred out of the
for-command by a jump.

The control variable is local to the body of the for-command, however if
successive assignments to an external data item is required the following syntactic
form could be used.

for ext £ = Flist do C
where F is one expression.

1.1.7.10 Break, return and finish commands
More text to follow

1.1.7.11 result-is command and result blocks
More text to follow

1.1.7.12 Blocks
More text to follow

1.1.8 Declarations and definitions
More text to follow

1.1.8.1 Simple definitions
More text to follow

1.1.8.2 Routine definitions and calls
More text to follow

1.1.8.3 Function definitions
More text to follow

1.1.8.4 Fixed functions
More text to follow
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Appendix 1
The AE tree of CPL after CAE

A list is represented in this notation by items separated by commas and
surrounded by round brackets; some list may be marked as compounds or Vex-
pressions by preceeding the open bracket by c¢ or v, respectively. Names which
occur in the constructions without any definition are basic items. Alternative
constructions are on different lines or are separated by /.

Name, Variable lists and Types

N1 == Name / ¢(Comma, Name, ..., Name)
\Y = v(Name, T, Address, Properties)
FPL == Nil /V /¢((Comma, V, ..., V)

T = All basic symbol types

c(routine) / c(function, T)
c(n array, T) / ¢(Commaa, T, ..., T)

Definitions

D = c(be, N1, T) / c(all be, N1, T)
c(valdef, N1n E) / c(all eq, N1, E)
c((refdef N1, E) / c(all ref eq, N1, E)
c(fn eq, N (FPL, E))
c(fn subst eq, N, (FPL, E))
c(rtdef N, (FPL, C, ¢(Colon, Returnlabel)))
c(re ..., D) / ¢(in, D, D)

(D, ., D)
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Expressions

More text to follow
Commands

More text to follow
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