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1 OVERVIEW

This dissertation reports the proofs by structural induction of two compilers. The larger
is a compiler from a subset of pure Lisp into a machine language, and is similar to a compiler
proved by London [London72). The smaller is the compiler proved by McCarthy and Painter
[McCarthy67). In addition a portion of another compiler is proved. It is the compiler given
by Wirth [Wirth76) to compile a simple Pascal-like language (PL/0) into code for a
hypothetical stack-oriented machine. We here employ several methods of proof, different
from the previous methods, which are amenable to machine-aided proofs. These new
methods include the use of Hoare proof rules [Hoare69) to describe the semantics of the
source and target languages, as well as the language in which the compiler was written, a new
formalization of substitution, and axiomatic definition of functions, both in the compiler and
in the assertion language. The machine assistance was provided by the Xivus program
verification system, which is a later version of the system described by Good, London, and
Bledsoe [Good75] We believe the methods of compiler proof given here are of general
application in the proving of compilers including such source language features as assignment,
conditional, repetition (WHILE), and go to statements, recursive and non-recursive function
calls, and statement- or expression-oriented languages.

In Chapter 2 the problem of proving correctness of compilers is outlined. The methods
of proof used in these compiler proofs are given in detail in Chapter 3. The statement of
precisely what was proved about the compilers is developed in Chapter 4, along with the
shorter of the proofs and the portion of the PL/0 compiler proof. The major portions of the
longer proof are left to the appendix. Previous proofs of compilers are described in Chapter
5, concluding the chapter with a discussion of the significance of our approach in relation to
previous work. Chapters 6 and 7 present the conclusions reached in completing the compiler
proofs and areas for future research, respectively. References cited in the text follow the last
chapter.
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2 PROBLEM STATEMENT

2.1 Need for Proving Programs

Recent experience with computing systems has shown a startling portion of time and
cost to be expended on efforts to make software work correctly. The case has been presented
several times, for example in London [London75], that program proving is a valuable tool to
aid this effort. We will therefore restrict the remainder of this chapter to examining the
motivation for applying this tool to the compiler correctness problem.

2.2 Importance of Compiler Correctness

This dissertation involves the application of correctness proofs to compilers. Why
compilers? First, compilers are heavily used. Indeed in many installations nearly every
program run is processed by a compiler. So the existence of errors in compilers will likely cost
more than errors in less-used programs.

Second, an error in a compiler is difficult for the user to distinguish from his own
programming errors, thereby increasing his debugging costs. Often the user’s only means of
remedying a problem caused by a faulty compiler is to complicate his own program
unnecessarily. This can come about because debug time and funds are no longer available for
a "working" compiler, or because of insufficient local support for a compiler that was written
elsewhere. In any case, the user often must program around compiler problems and end up
with a degraded program in terms of undeiscandability and maintainability. The problem is
compounded because most computer users will not or can not become familiar with the
internal workings of a compiler, or with the target code produced. Yet they must use the
compiler in order to write programs in the compiler’s source language. So users must turn to a
compiler expert, if one is available, thus requiring at least two persons rather than one to
correct compiler errors. While this problem is shared by any program used by other than the
author, compilers are probably the most prominent example of it (perhaps second to operating
systems).

Further, the fact that many programmers usually work on creating a compiler means
that a compiler is subject to the subtle kinds of problems caused by bad communication
between parts of the compiler written by different persons. These interfacing problems could
be found and eliminated by proving compilers, or possibly by just designing compilers with
proving in mind. While it may be pointed out that compilers proved in the past have been of
much smaller scalc than this, we believe that continuing work on proving complilers,
particularly with machine aid, will eventually allow much larger ones to be proved.

Any proof that a user’s program is correct can be invalidated if an error exists in the
compiler he is using. This is so because such proofs are usually based on a specification of
what the source language of the compiler is intended to do, not of what the compiler actually
does with source language programs.




PROBLEM STATEMENT 3

2.3 Contrast with Non-compiler Proofs

What makes compiler proofs a different problem from proving nearly all other
programs? There is not just a single correct (target code) result of compiling a program.
Thus the statement of the compiler’s task must state not that the correct answer results from
the compiler, but rather that the result from the compiler has certain properties. Further,
these properties relate to the results of executing the compiler output, thereby placing a second
level of execution into the proof. Those properties will be the equivalent (in target language
terms) of the properties that the source language program has. Another complication is
determining exactly what the properties are that must be preserved during compiling. In some
languages, such as pure Lisp, this includes only that the same value is returned, while in other
languages, such as Algol, the correspondence between all variable names and values must be
preserved, as well as the values of certain hidden entities, such as 1/O files, recursion stacks,
and returned values of functions.

This, of course, means that the proof of correctness of the compiler must include a
description of the meaning or semantics of both the source and target languages in addition to
the usual semantics of the programming language (of the compiler). We will need to express
by symbolic means part of the target language code that corresponds to any non-terminal
source language syntactic type (one that may contain other syntactic types as parts). For
example, a piece of target code may be referred to as “"the compilation of the first argument.”
This arises naturally from the general plan of the proof, which uses structural induction
[Burstall69a), or induction on the source language structural parts. In other types of program
proofs that involve the application of Hoare rules, we generally apply the rules to assertions
and code, both of which are given completely without the use of names or symbols to represent
parts of assertions or code. But here we will apply Hoare rules to symbolically represented
code and assertions. We must use a notation to show the operations of the Hoare rule (usually
substitution of expressions for names) being applied to symbolically expressed pieces of code.
This is then a further level of symbolism which complicates compiler proofs.

Further problems with compilers arise because they are basically non--numeric programs;
they are generally oriented toward character string handling, since most computer languages
are expressed in character strings, while much previous program proving work has been on
numeric programs. Also, we have the recursive nature of compiler source languages. Even
the simplest of languages defines allowable expressions in recursive terms, while many
languages also have recursive definitions of the allowable statement structure. Thus parts of
the input to a compiler can be of any finite size, requiring the use of induction on that size to
prove that the compiler will handle the input, no matter how large.

To make matters worse, most target languages do not have recursion, or at best have
only a stack to accomplish all forms of recursion. Thus, compilers often have an undoing or
transforming of recursion within them, complicating their proof of correctness.

2.4 Correct Input Assumed

We will always assume that a source language program is a legally executable program.
Finding and preventing compile-time and run-time errors in the source program is a problem
which we will not address. We simply wish to show that a compiled program will have the
same effect as its assumed correct source would.




4 PROBLEM STATEMENT

The style of these proofs could, however, be used to prove a compiler which ‘did error
checking of the source code at compile time and produce error-checking target code at run
time. In order to accomplish compile-time checking it would be necessary to prove a separate
case of input syntactic type, that of "none of the above types." An indication of error would
then be specified as the meaning of such a type. For run-time checking--for example,
division by zero--it would be necessary to define (within the source language Hoare rules) the
error conditions and their results. Then it would be proved during the compiler proof that
the proper error indications were produced under appropriate error conditions at target
language run time.




3 METHODS OF PROOF

3.1 Introduction

The larger compiler proof, which is for the most part given in the appendix, uses many
methods and techniques, some new and others previously applied in program proving. In the
following sections is given a description of each method and where it is applied in this
compiler proof. The significance of the new methods and their relation to previous work are
presented in Section 5.4.

3.2 Comparison to CO

The compiler proved here is a modification of one called CO, which was written by

John McCarthy and proved by London [London72]. We will refer to it as MCO (for modified

C0). The following changes were made to make Pascal the language in which the compiler is

written. Compiler CO was written in Rlisp, but the Xivus program verifying system, which

provided the machine aid, requires programs to be written in (slightly extended) Pascal. The
translation was intended to perform exactly the same functions as the original.

1. Conditional expressions were removed. Thus A := IF B THEN C ELSE D becomes
IF B THEN A:=C ELSE A:=D.

2. All gensym function calls were made into procedure calls, returning the value as a new
variable parameter. The reasons for this are fully explained in Section 3.17.

3. All lambda expressions were expanded fully. Since gensyms were previously removed
from expressions, this expansion did not result in any single gensym calls being
duplicated into multiple calls. Again, see Section 3.17 for further explanation.

4. Add sufficient parentheses on single argument functions becaute Rlisp allows such

parentheses to be omitted.

Change the assignment operator from « to := .

6. Declare the argument FLG as Boolean type and set it to FALSE and TRUE rather
than NIL and non-NIL.

7. Express Lisp list notation within quoted constants as CONSes of quoted constants.
Thus (A B) becomes CONS('A,'B).

8. Expand n argument functions into nested two argument functions. Thus LIST(A,B,C)
becomes CONS(A,CONS(B,CONS(CNIL)) and APPEND(A,BC) becomes
APPEND(A APPEND(B,C)). For consistency, even one or two argument LIST calls
were expanded to CONSes. Some simplifications were applied, such as
APPEND(CONS(A,NIL),B) becomes CONS(A,B).

9. Appropriate Pascal function headers and argument lists with argument types' were
added. Also BEGIN END; was placed around function bodies.

10. Infix dot is translated to prefix CONS.

11. EQ becomes = .

o




6 METHODS OF PROOF

The following changes were made for reasons other than the change of compiler
language, and such reasons are explained under each change. Again these changes were
intended to preserve the functions of the original compiler, that is, not change the output of
the compiler, except for the item involving the removal of an optimization.

1. All quotes on constants were replaced by the letter Q. Our Pascal parser does not
recognize any form of alphanumeric constants. Similarly NIL becomes QNIL and, for
consistency, T becomes QT. In every case the Q resulted in a new identifier.

2. Various expressions were grouped as separate functions for clarity in reading the code
and to separate logically separate tasks. The resulting new functions are RETRIEVE,
RPOP, and ADDIDS.

3. LOCTABLE was used as a more descriptive name than VPR for the variable holding
the location table.

4. CO compiles Boolean expressions nested inside other Booleans differently than if not so
nested. This optimization, which jumps to a given label according to the Boolean value
instead of producing a result to be used by a conditional jump, was removed. Thus
COMPEXP (the function that compiles an expression) is called and a conditional jump
statement is used in all places that formerly called COMBOOL (the function for
optimized compiling of a Boolean) except the call insidle COMPEXP. Then
COMBOOL is never called with an atomic expression, so the first few lines of code
therein may be discarded. Similarly the final ELSE clause of COMBOOL is never
satisfied and may be omitted. The argument FLG is always FALSE in the remaining

“calls to COMBOOL, so FLG may be deleted and the code of COMBOOL simplified.

5. A new variable N was introduced to shorten the form resulting from expanded lambda
expressions.

6. Function definitions being compiled are broken into their syntactic types inside compiler
function COMP rather than before the call to COMP. We thought the compiler was
more consistently broken into tasks this way.

7. When adding assertions to MCO it was found necessary to refer in some places to target
‘code already produced. But often some target code was an argument to a call to
APPEND in a higher level routine, and thus not available in the routine being asserted.
The solution to this is to pass a new argument (the output file, or briefly "OUTFILE")

_ into nearly every routine in order to have newly produced target code appended to its
end (the right-hand end if viewed as a Lisp list). In fact we want a new type here that
resembles Lisp lists except that it has only one operation available in the compiler code,
namely CONSing onto the "wrong” end. We will call this type FILE and allow
RIGHTCONS as the only operation in the code. Assertions may, however, dissect
FILEs. Since we now have a variable argument, many of the compiler functions must
now be expressed as procedures. Furthermore, all appends of code are now incorrectly
typed and unnecessary, and are replaced by either a caii of a procedure that
RIGHITCONSes the code onto the OUTFILE, or else an assignment to OUTFILE of a
RIGHTCONS expression.

8. THEN and ELSE clauses are reversed and the IF conditions negated to allow dropping
null ELSE clauses in MKPUSH, COMPLIS, and LOADAC.

Although this compiler was reasonably well structured in its original form, there were

many changes made to increase its understandability, separation of tasks, and ease of

-«  expressing assertions. More could have been made. This again lends credence to two often
expressed program proving philosophies:
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1. The better situation for proving programs is to create the program and its proof
together, not to add on proving afterwards as was done here.

2. Creating a program with the intention of adding assertions to it and proving it

results in a more understandable program (many would hold this true even if
proving is not carried out).

3.3 Inductive Assertions

The inductive assertion method of proving programs was introduced by Naur [Naur66)
and Floyd [Floyd67]). Naur proposed the term “snapshots” for what Floyd and subsequent
authors term assertions. Their method involves making assertions which state what is to be
true each time execution passes through given points in a program. Then for all pairs of
assertionis connected by an executable path of statements, it is proved that the final assertion
must be true after execution of those statements, provided the initial assertion was true before.
The assertion reached at the conclusion of execution (called the output or Exit assertion) is
then a specification of what the program accomplishes. We here assume that the program
does indeed terminate. Proving what is true of a program making this assumption of
termination is called a partial correctness proof. Partial correctness by using inductive
assertions is the method used in proving MCO. A good review of the method and other
aspects of program proving is Elspas et al (Elspas72].

3.4 Hoare Rule Semantics

Hoare [Hoare69] introduced a method, now called Hoare proof rules, of precisely
defining semantics of program statements. Appearing in Hoare proof rules is Hoare’s notation
P{S}Q, which means that if assertion P is true before a program part S is executed, and if
execution of S terminates, then the assertion Q is true afterward. Another notation used by
Hoare is

A, B

c

which is a rule of inference that allows us to deduce C if A and B have been proved. The
Hoare proof rules, written in these notations, then take the form of axioms or rules of
inference for the various programming constructs. We can then define the semantics of a
statement just by stating what can be proved about the statement using its Hoare proof rule.
The idea that specification of proof techniques provides a programming language definition is
a main point of Floyd’s paper significantly titled "Assigning meanings to programs” [Floyd67).
The Hoare proof rule method is closely related to the inductive assertion method, and is
sometimes referred to as the Floyd-Hoare approach.

Nearly all of the languages Pascal [Hoare73] and Euclid [London77] have been defined
in terms of such rules. For programs written in a language so described, it is a mechanical
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procedure to transform a program containing assertions into a set of logical theorems. The
theorems are called verification conditions, and the mechanical process is known as
verification condition generation. The proof of these verification conditions shows that the
program is consistent with its assertions, which are taken to be the definition of correctness for
the program.

To prove a compiler we must specify the semantics of not only the language in which it
is written, but also the source language and the target language. We have chosen to use
Hoare proof rules to express the semantics of all three languages. The reasoning behind these
three choices is as follows.

We wish to show what the effects are of executing the compiler. Toward this end we
will use verification condition generation, applying Hoare proof rules to the program
statements of the compiler. Therefore we will express the semantics of the language in which
the compiler is written by means of Hoare proof rules, making those semantics directly and
easily applicable in the proof.

What we wish to prove about a compiler is that the target language code that it
produces has the same effect as the source language does (or would have if source language
were directly executed). We will do this by proving, for each Hoare proof rule P{S}Q in the
source language (rules of inference will be handled similarly), a Hoare formula in target
language terms roughly of the form

compilation(P) {compilation(S)} compilation(Q) . (%)

The compilation of S is simply the target code output by the compiler when it compiles the
source language code S, and it usually consists of several target language instructions. The
compilation of assertions P and Q means the result of translating those assertions into target
language terms in a manner similar to what the compiler does to source language code. This
translation involves changing variable names into locations and source language constants into
their target language representation while retaining the function names and structure of the
assertion expressions.

A natural way to express source language semantics is with Hoare rules when we use
the formulation of the correctness of the compiler as expressed by formula (%) above. Any
other way would, of coursz, require translation to Hoare rule form for use in the formula (x).
Then we may prove the target language formula resulting from this statement of correctness
by applying the Hoare rules (for the various target language instructions in compilation(S)) to
produce a logical theorem which we will then prove. Such proof for every possible form of
compilation(S), corresponding to all possible syntactic forms of S, will constitute proof of the
compiler. This points to the use of Hoare rules as the choice to express the semantics of the
target language also. We will give the target language Hoare rules used to prove MCO after
giving some further notation involving lists and substitutions.

3.5 List Notation

We believe that the following expression, which arises in the proof of MCO, is
unreadable.
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OUTFILE
= APPEND(OUTFILE’,
APPEND (FCOMPANDOR (CDR(EXP), M, L1, FALSE, LOCTABLE),
CONS (CONS (' MOVEI ,
CONS(1, CONS(CONS('QUOTE, CONS('T, 'NIL)),
'NIL))),

CONS(CONS(’ JRST, CONS(0, CONS(L2, 'NIL))),

CONS(LI,
CONS (CONS ( ' MOVEI ,
CONS(1, CONS(0, ’NIL))),
CONS(L2, °'NIL)))))))

Similar expressions appear to be even more unreadable under any of the conditions:

1. A longer expression is used (and many longer ones occur in the proof of MCO0),

2. Straight Lisp notation for functions is used instead of arguments separated by
commas, or

3 Careful indentation is not used.

Consequently it was decided that a better notation must be used to make more readable
the assertions about lists. A notation was developed that borrows much from the clisp list
construction notation [Teitelman75, p. 23.10). Functions which are not considered intrinsic to
the source language are expressed in conventional prefix with arguments separated by
commas, while the intrinsic list building functions use the clisp style of notation. Briefly, that
notation builds lists that are begun and ended with angle brackets: < >. Then each item in
the brackets is a member of that list, except items prefixed by ! are lists of items to be placed
in the list.

As in Lisp, unquoted items are to be evaluated while a prefixed single quote means not
to do so. Assume F(X,Y) returns the Lisp value (A B). Then in the list notation used here,
< F(X,Y) 'C > means '((A B) C) while < 'F(X,Y) 'C > means (A B C).

When Lisp dotted pairs are expressed, we will use <’A .’B > tomean ( A . B ).

The original example expression in this section may be expressed now as:

OUTFILE =
< ! OUTFILE’
! FCOMPANDOR (CDR(EXP) ,M,L1, FALSE, LOCTABLE)
< "MOVEI 1 < 'QUOTE 'T > >
< "JRST 0 L2 >
L1
< 'MOVEI 1 0 >
L2

This notation was used in proving MCO for writing assertions which were then
mechanically translated to a form like the original example in this section for machine use.
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3.6 Formalizing Substitution

The Hoare proof rule for an assignment statement is (ignoring such complications as
function calls that might be in the statement):

Q[bfa:-b}Q

The vertical line notation means to substitute b for all free occurrences of a in the
formula Q. A standard caution we note here is that the expression b must not have free uses
of any variables that become bound when introduced into Q. Of course, renaming of the
bound variable can be used to avoid this problem.

When applying similar Hoare rules during a compiler proof, it will often be the case
that Q will be symbolically expressed. In that case we will not be able to write the result of
such a substitution, but will leave it in the vertical line notation and apply further Hoare rules
involving substitutions on it. Therefore we have extended this notation for various types of
multiple substitutions.

a
b

c
d

Q

means to first apply the a-b substitution, then apply the c-d substitution to that result. This is
sequential substitution. We will also need notation for simultaneous substitution.

ac
bd

Q

means to simultaneously substitute b and d for a and c, respectively. This form is often used
when b contains an occurrence of ¢ which we do not want further changed to d.

a
c
d

Q [b

means to first apply the c-d substitution to b, then use that result for all free occurrences of a
in Q.

The rules which we will present regarding substitutions will be valid only when the item
substituted for (for instance a in the above examples) is an identifier. The item substituted in
(that is, b in the first example above) may, however, be an expression. Occasionally we will
have a list of identifiers which we will represent with a single name. When we substitute such
a name, we will use a double vertical line to remind us that it is a multiple substitution and
the single substitution rules may not apply. For example, if x represents the list <a c e> and y
the list <b d f>, then the form

X
y

Q

S g 8 SERGRe T T
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means
a c |e
Q b |a [f

Note that this substitution is sequential. When we have occasion to express a multiple
simultaneous substitution, we will give the items individual names, and the substitution will
look something like this:

al ... an
bl ... bn

Q

We will occasionally resort to parentheses to clear up any unusual orders of substitution
not covered by these forms.

In order to simplify expressions involving substitutions, we wish to express the condition
that a certain name could not possibly exist (as a free occurrence) in an expression. We will
use the notation a ¢ e to describe this condition. Again, a must be atomic while e may be an
expression. Both a and e will often be symbolically expressed in a proof. Precisely what is
meant by a -e e is that for all possible asserted source language programs from which e may
be derived, a will never appear as a free variable name in e when e is written out fully in
source or target language variable names (no code or assertions left symbolically named). For
example, if e represents a source language expression and a represents a target language
register, we would then know that a ~¢ e.

To assure that such statements involving —e are true, we assume that different names
are used for source language objects and target language objects. This could be easily
accomplished by renaming to unique names when a conflict would octur, but no actuyal
conflicts will occur in the proof of MCO because we never refer to source variables by their
names.

There are four distinct classes of source and target variables in a compiler organized
like MCO. Knowing that they are distinct will aid us in simplifying expressions containing
substitutions.

1 Source program variables. We will usually refer to these by expressions which
select lists of variables from the source code or from the location table of the
compiler.

Target program registers. We will refer to the registers by R1, R2, ... Rn.

Target program stack pointer P.

Target program stack locations. We will always refer to the stack locations with
an array-like subscript notation, calling the stack memory m. For example,
m[P+1]. Substitutions involving stack locations will always be done as a
replacement of the entire stack m by an alpha expression, where a(m,,y) means
the result of changing the ith element of m to the value y.

The fact that the registers, pointer, and stack must be distinct may impose restrictions on
certain implementations of the target language system. For example, if P, the stack pointer of
MCQO, is actually implemented as register fourteen, then proofs of correctness are not valid if
register fourteen is used otherwise in executing a target program. Since registers are used in
the target code produced by this particular compiler to hold arguments to functions, this

LN
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restriction would mean that user programs containing over thirteen arguments to any function
could not be correctly compiled and run.

The rules describing simplifications which may be done, henceforth called subrules, are
given in figure 3-1 at the end of this section. All D', a’s, and X's, numbered or not, are
atomic names, while the other letters may be expressions. The first two rules express the
distinctness of the four variable classes. Subrule 3 allows us to state that a variable is not-in
(=€) an expression if it is not-in any of the expression’s component substitutions. Subrule 4
states that substituting for an item not there produces no change. Subrules 5, 8, 9, and 20
show us the equality of certain forms that will appear in the proof of MC0. Subrule 6 allows
us to distribute substitution over source language functions. It might be noted that
quantification is not a function, and that passing functions as arguments to other functions
(not allowed in the source language of MCO) may also invalidate subrule 6. Neither does this
subrule apply to the (non-source language) functions such as substitution that are applied to
assertions rather than appearing in assertions as source language functions do. Subrule 7
gives exactly the conditions under which we may change the order of multiple substitutions.
Subrule 10 tells us when simultaneous and sequential substitution produce the same result.
Subrule 11 tells us that » and —e are the same for names (actually we only give the implication
one direction; it is true the other direction, but is not needed here). Subrule 12 states that an
item substituted for is gone (unless it is put back in by that substitution). Subrule 13 allows us
to distribute not-in (-¢) over source language functions and the converse. The caveats of
subrule 6 apply here also. Subrule 14 states that substituting something for itself results in no
change.

In a few places in the proof of MCO, we have simultaneous substitutions which do not
satisfy the criteria of subrule 10, and so may not be treated as sequential. Subrule 15 is a
rather complex rule which allows us to sequentialize such substitutions under rather specific
conditions. Those conditions are that a further substitution was to be performed after the
simultaneous one which would change all names introduced in the simultaneous substitutions
into names with a certain distinctness. The way we sequentialize then is to apply the further
substitution to each item of the simultaneous substitution.

Subrules 16, 17, 18 and 19 define how substitution and -e interact with universal
quantification. They are easily understood by recalling that quantification causes variables
not to be free, and thus affects substitution for free occurrences. Note that in subrule 18 we
see the caution mentioned earlier that we may not introduce a variable during substitution
that gets bound. Thus H in subrule 18 must not contain X, the variable being bound by the
quantifier. :

Subrule 21 is simply the carrying out of a substitution. In fact use of this subrule will
often be referred to as doing or carrying out a substitution rather than being referred to by
the number 21. Application of subrules 1 and 2 will occur frequently in the proof of MCO.
When such application is quite obvious, the proof will omit mention of those rules. Subrule 6
will often be referred to by the term distribution rather than by number.

A more rigorous justification for some of the subrules, along with the flavor of how the
others may be proved, is given in Section A.10.
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FIGURE 3-1
Subrule 1:
a) Ri's -~e source language expressions
b) P -¢ source language expressions
c) m -e source language expressions
d) source variables —¢ non-source expressions
Subrule 2:
a) source variable = Ri
b) source variable = P
c) source variable » m
d) Ri « P
e) Ri ¥+ m
f)Puem
Subrule 3:
: D1
a) D-€ GAD--¢ Hl » D -e G |HI
Dl ... {Dn
b) D-¢ GAD-c Hi (for 1 si1<n) +D-€e6G |[Hl ... |Hn
Subrule 4:
D
D-¢G->6G|H=0
i
Subrule 5: %
1]
D1 |D2 D2
D2 -« G - G |HI |H2 = G |HI |H2
Subrule 6 (distribution of substitutions):
D D ... D
(fGl ... Gn) [H=(fGI |[H... Gn [H)
where f is any source language function.
Subrule 7:
D1 |D2 D2 |DI
a) DI -e H2 A D2 ~¢ Hl A DI » D2 » G H2 = G |H2 [HI
b) Di ~« Hj ADi » Dj (for 1 s i sn, 1 < jsn, i=j)
Dl ... |Dn
G |HI ... |Hn can be permuted to any order.
—ﬁ"-*’_”v‘
e — ps— m{-v e
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. |Dn
Hn

14
Subrule 8:
DI
D1 |D2 D2 D2
Dl « D2 A Dl -¢ H2 - G [HI |H2 = G {H2 |HI |H2
Subrule 9:
1]
D1 |D2 D2
D! = D2 5 G [HI |H2 = G [H! |H2
Subrule 10:
D1 D2 D1 |D2
a) D2 -e¢ H1 > G |HI H2 = G |HI [H2
DI ... Dn DI .

b) Di -« Hj (for 1 < j<i<n)+6|Hl ... in =G
Subrule 11:
Dl = D2 - DI -e D2
Subrule 12:

D

D-e H->D-¢ G |H
Subrule 13 (distribution of —e):

a) D-¢ (fFGl ... Gn) > D -e Gi (for 1 < i <n)

b) D -e Gi (for 1 <i <n) > D= (f Gl ... Gn)
where f is any source language function.
Subrule 14:

D
G |D=¢C
Subrule 15:

al an v

al ... an v v v

X |bl ... bn ||w =X |bl w... |bn ||w |]|w

if all atoms in the b’s appear in v at least once, a’s are distinct from each other, and all items

in w are distinct from those in v.

Subrule 16:

a) X —-e Gl » VX (Gl » G2) = GI » VX (G2)
b) X ¢ G1 » ¥X (Gl A G2) = GI A VX (G2)

€) X -« G+ VX (G) =G

R
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Subrule 17
a) VX (VX (G)) = VX (G)
b) VXI1,...,Xn (VXIl,...,Xm (G)) = VXI,...,Xmax(m,n) (G)

Subrule 18:
D D
a) XeDAX-eH->VX (G) |[H=VX (G |H)
b) Xi #« Dj A Xi ~e Hj (for 1 s i <sn, 1 < jsmo>

Dm
Hm = VX1,...,Xn (G

DI .
Hi ...

Dm
Hm )

D1 ..
VX1,...,Xn (G) [HI ..
Subrule 19:
X
VX (G) |H = VX (G)

Subrule 20:
D1 D2
D2

D2 -¢ H2 + G [HI luz

D1 |D2
H2 = G (HL {H2
Subrule 21:

D
D|H=H

3.7 Hoare Rules Defining Target Language

We here give the Hoare rules defining the semantics of each of the target language
statement types that appear in the output of the compiler MCO.

MOVEL
Ri

Qly{<'mwm iy>}Q

This rule can be viewed as an assignment statement Hoare rule. For example, the
instruction <'MOVEI 10> can be viewed as the assignment statement Rl:=0. The
following standard Hoare rule for assignment would then apply.

lm
Qlo {ri:=0}0q
MOVE:

PR

—————
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Ri
Q [m(P+j) { < 'MOVE i j 'P >} Q

This rule is similar to the MOVEI rule except that we must use j as a pointer to the
memory location that holds the value assigned to the register Ri rather than using j itself as
the value. In addition we have an index register being used, which in MCO always happens
to be the stack pointer P.

JRST:
assertion(l) { < "JRSTO | > } Q

The JRST rule may be understood by viewing JRST as a go to. The rule states that
regardless of what is so at the point in the program located after the go to |, the assertion at
the label | must be true immediately before. It should be noted that the zero in the statement
is optional.

JUMPE:
(Ri=0 -+ assertion(1)) A (Rix0 + Q) { < "JUMPE i | >} Q

JUMPE is the equivalent of the higher level language statement:
IF Ri=0 THEN GO TO I. The standard Hoare rules for such a compound statement are:

PAR{A}Q PA-R=Q

P {IFRTHEN A} Q
and
assertion(l) { GOTO 1 } Q
We may combine these to get the Hoare rule:

P A R 5 assertion(l), PA-R+Q

P {IFRTHENGOTO I } Q
The rule for JUMPE is the axiomatic form of this rule of inference.

JUMPN:
(Ri=0 » assertion(l)) A (Ri=0 > Q) { < 'JUMPN 1 | >} Q

The JUMPN instruction is the same as JUMPE except that the register is checked to be
non-zero rather than zero.

CALL:

By e g g b S SRR ¢
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‘ NIL |al ... |an
Entry(f) |O Rl ... [Rn A
NIL |h al ... |an
(Exit(f) |O <f al ... an> [Rl ... |Rn »
R1

VR2,...,RN(f) (Q) |<f Rl ... Rn> )

{ < 'CALLn <’E f>>1}Q

where N(f) is the maximum number of registers modified during execution of function f, h is
the designation in Exit(f) for the result of the function call to f, and al .. an are the formal
arguments of f. This rule depends on the function linkage conventions used by compiled
code. What the rule says is that any compiled function has the same Entry and Exit
conditions as the corresponding source function, except the formal arguments are replaced by
the registers and the constant NIL is replaced by 0. Further, register R1 will contain the
function result, and the other registers used are quantified as variable parameters to the
function. Quantification is one of the standard ways of handling variable parameters, as
shown by the following higher level language Hoare rule for a call of procedure p with
variable parameter a.

P(a) { p(a) } R(a)

P(a) A Ya (R(a) » S(a)) { CALL p{a) } S(a)

The upper line of this rule of inference is the proof of the procedure body with respect
to the Entry P and Exit R. Note that the quantification makes the variable a appearing in S
and the Exit into a different variable than the a in the Entry. The quantification in our
CALL rule does not include the Exit because the source language does not have variable
parameters. Hence all references to parameters in the Exit refer to the values of the
parameters before the CALL is performed.

It might be questioned how the target code can treat the parameters of a function as if
they were variable parameters when the source language does not allow parameters to be
changed. Before the call target language statement is executed, the target code has placed the
values of the parameters into temporary locations (the registers). The target code may then
procede to overwrite the registers during evaluation of the function just as if the registers were
variable parameters. This has no effect on the original actual parameters in the calling
function.

SUB:
P
QIP-n {<'SUB'P<'COO0ONRK>}Q

The strange appearance of this instruction is due to the use of P as two half words.




S — "
‘. g 5 -

18 METHODS OF PROOF

The right half is actually the stack pointer, while the left is used for a hardware check on the
stack size. We assume the stack size is within bounds in the proof of MCO (otherwise the
program would not terminate normally), and we completely ignore the left half. Thus the
instruction may be viewed simply as the assignment P := P-n.

POP]J:
NIL

h al
Exit(f) |Rl |O

RL* ...

an
Rn’ { < 'POPJ 'P > } Q

where f is the function in which we find the POP] instruction and h and the a’s are as
previously. The POP ] instruction may be viewed as a return statement, which explains this
rule’s resemblance to a return Hoare rule. As with the CALL statement, the locations in the
registers of the arguments and function result must be taken into account, and the source
constant NIL must be translated to 0.

PUSH:
P
P+l { < 'PUSH 'P i > } Q

m

a(m,P,Ri)

Q

This instruction accomplishes the same as the assignments P := P+1; m[P]:= Ri. The
rulc is secn to be the composition of the standard assignment rules for these two statements.
As before, the notation a(m,P,Ri) means the array which is the same as m except m[P] has
been replaced by Ri.

During the course of generating verification conditions we will assume the standard
consequence and composition Hoare rules that apply to essentially all target languages.

P>Q Q{A}R

P{A}R

P{A}Q Q>R

P{A}R

P{A}Q Q{B}R

P{AB}R

where A B signifies that the instructions A and B are concatenated.

wrge b W sd el NG et ¢
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3.8 Two Part Proof

We divide the proof of a compiler into two distinct parts. The first proves what target
code the compiler produces for each source language syntactic type. The second proves that
the target language produced has the same effect as the source language. We find this
division convenient because it divides the proof into parts that are easier to handle. It seems
to be a natural division in that the two proof parts are independent of each other in the sense
that the second part uses the result of the first part, but essentially none of the same methods
or proof parts need be repeated.

The semantics of the language in which the compiler is written are needed in the first
proof part to transform into verification conditions the assertions stating what the compiler
produces. The first proof part, however, does not deal with the semantics of the source and
target language (although the syntax of each is used).

The sccond proof part involves showing that the Hoare formula of the form
compilation(P) {compilation(S)} compilation(Q) is satisfied. The value of compilation(S) has
been established by the part one proof. To prove the target language Hoare formula, we will
apply target language Hoare rules to it to produce a logical theorem which we will then prove.
Thus the second proof part must use the semantics of the target and source language, but does
not involve code in the language in which the compiler is written, nor its semantics.

3.9 Division of Labor

Our belief is that program proving should be done interactively. We believe that the
human should be involved for the difficult and insightful portions of a proof, while the
machine should handle routine and repetitive parts.

As a result of the division of the proof into two parts as described above, the first part
is within the capabilities of present program proving systems. In a manner consistent with our
philosophy, the first part of the proof of MCO was in fact accomplished on the Xivus
interactive program proving system.

The second proof part of the MCO proof was tedious and could have used machine
assistance. Unfortunately, it must be carried out at a level above that of existing program
proving systems. The target code produced by the compiler is expressed in terms of the source
code being compiled and the state of the compiler (symbol table, etc). Thus we cannot use
ordinary verification condition generators for part two, because they must operate on actual
code, not an expression representing the code. The consequence of this and other features (a
list of such features is in Section 7.2) missing from present proving systems is that part two
of the MCO proof was carried out as a hand proof rather than a machine-assisted proof. The
proof of the McCarthy-Painter compiler was simple enough to coerce the Xivus system
through the part two proof in order to show that the methods employed were mechanizable.
In Section 7.2 we suggest ways that a mechanized system could be built to allow more
complex part two proofs to be done interactively.

AW et
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3.10 Brief Description of Xivus Verification System

The Xivus program verification (proving) system has the following major components:
A text editor

A parser for asserted programs written in the language Pascal [Wirth71,Jensen74)
A verification condition generator

A logical and arithmetic simplifier

A substitution package

An interactive theorem prover

An interactive top level program to direct and aid the proof

T he system is the one described by Good, London, and Bledsoe [Good75] with further
evolutionary changes. The verification condition generator is essentially that of lgarashi,
Luckham, and London [lgarashi?5), and the theorem prover was derived from the Bledsoe-
Bruell prover [Bledsoe73).

Typically an asserted program is entered into the system via the editor and is then
parsed, and its verification conditions are generated. The simplifier and substituter usually
prove many of the verification conditions and shorten the remaining ones to more manageable
size. Those remaining ones are then submitted to the theorem prover. Upon discovery of a
false or unprovable verification condition, the problem must be located in either the program
code or assertions, and the steps repeated. The system has some abilities to recognize portions
of the proof which remain unchanged and thus need not be reproved.

TN D O WON -

3.11 Structural Induction

Structural induction has been used in practically all the proofs of operationally
expressed compilers, including that of MCO. Structural induction may be stated as: If we have
proved that a program works for each possible structural type of data while assuming the
program works on the smaller pieces of data, then we have proved the program works. The
basis for the induction lies in the proof of the structural types which do not contain other
types. Structural induction is well suited to proving compilers because source languages are
usually defined in terms of structural or syntactic types. Further, source languages are usually
inductively defined, since some syntactic types may contain arbitrarily complex other syntactic

types.

3.12 Optimizing Compilers

In treating separately each syntactic type of the source language, we assume that the
results of compiling are truly separate. That is, the target code produced from compiling
syntactic type X must not depend on whether that occurrence of X contains, for instance, type
Y. Similarly the target code from type X should not depend on whether that occurrence of X
is contained in, for instance, type Z. This independence may in fact be given as a definition
of a non-optimizing compiler.

If the target code produced depends on what is contained in the syntactic type, it can be
treated by the techniques here. For example, we could have a syntactic type X compile into
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different code when its arguments are constants. This could be treated simply by defining a
new syntactic type X-with-constants, and applying the techniques used here.

Optimizations in which the target code produced depends upon the context of its source
would not be proved by the techniques demonstrated here, but as extensions to these
techniques or as a separate proof of equivalence to the non-optimized version. More will be
said about this in Section 7.3.

3.13 Axiomatic Description of Lisp

MCO deals extensively with list structures, for recognizing source language syntactic
types, for extracting parts from the source language, for building and using the location table,
and for building the picces of target language. The compiler was written in a modified Pascal
which allows functions to return values of complex type. Dealing with lists was accomplished
by functions with the same names and properties as basic Lisp functions, except having fixed
numbers of arguments. Those Lisp-like functions were never supplied as Pascal code, nor
were they given assertions. Therefore no properties of these functions appeared in the
resulting verification conditions. A standard set of properties was entered directly into the
theorem prover as rewrite rules to be used in the proofs of the verification conditions. Those
rules may be found in Section A.3. In using this technique, we recognize that such rewrite
rules can define functions as well as their code could, and further that in the environment of
the proof of MCO definition by rewrite rules is more easily used than the code would be. This
technique can be used for functions which are to be considered intrinsic to the source
language. In the verification strategy used in Alphard [Wulf76], this technique may be used
on both intrinsic functions, such as those describing sequences, and on functions for which
code is given by the programmer. In the latter case, though, the programmer must establish
that the code is consistent with the axiomatic specifications.

3.11 Axiomatic Definition of Source Language Syntax

We use in the compiler assertions a set of functions (predicates) which tell us if any
given source language expression is a certain syntactic type. For instance, in the proof of
MCO, the function ISAND(S) is true if and only if source language expression S is an AND
type. The definitions of such functions are not supplied as code, but as axioms to be used by
the thcorem prover in proving the verification conditions. For example, the following axioms
are nccded for the AND syntactic type. The dot after the X indicate universal quantification
of the X over the entire axiom. The prefixed single quote, as in Lisp, indicates a constant.

1. ISAND(X.) - CAR(X.) = AND

2. ISAND(X.) » NOT NULL(X.)
A NOT (X. = 'T)
A NOT NUMBERP(X.)
A NOT ATOM(X.)

-
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Note that the first axiom says what the type is, and the second axiom says what the type
is not. In fact the four conclusions of the second axiom represent exactly the four syntactic
types which are checked by the compiler before checking the AND type. Most of the "what
the type is not" properties could be derived from properties of Lisp functions involved, and
therefore we could have used Lisp properties in the compiler proof instead. For example, our
knowledge of Lisp would allow us to conclude that any form that has a CAR (such as AND)
is not any of the atomic forms NIL, T, a number, or a general atom. However, we felt that
the properties as expressed above are easily written by referring to the source language syntax
definition, and that the properties as given are directly applicable in a compiler proof.

In order to express the fact that the arguments to an AND type consist of a list of valid
expressions, we also need the axiom:

3. ISEXPRESSION(X.) A CAR(X.) = 'AND » ISLISTOFEXP(CDR(X.))

There are also some axioms expressing that a LISTOFEXP expression consists of legal
expressions. To accommodate the recursion on the number of arguments of AND, we need
one further axiom:

4. ISLISTOFEXP(Z.) -+ ISAND(CONS('AND,Z.))

Similar sets of axioms are needed for the other syntactic types of the source language of
MCO. A list of all such axioms is given in Section A.2.

3.15 Axiomatic Stack Proof

The proof of the compiler MCO in Hoare rule terms makes certain assumptions about
the run-time stack during the execution of certain strings of target code. These assumptions
are explained precisely in Chapter 4, but may be roughly described by: the contents of the
stack remain unchanged during execution of a string t of target code. That is, any items
added to the stack by executing t must be removed, but none of the original items in the stack
may be removed. When this property is true of a string t, we denote it by stackok(t). To
discharge the proof of these assumptions we wish to describe (with axioms) whether certain
strings of target language statements will, when executed, modify the stack, and if so, how the
stack will change. The axioms will then be applied to the theorems to be proved to produce
subgoals, to which further axioms are applied until all goals and subgoals are proved. The
following is a brief description of the stack axioms used in the proof of MCO.

First we wish to give axioms describing how ob jects are pushed onto and popped off of
the stack. The popping of the stack will be done with a single SUB instruction (even if
several elements are to be popped), while the pushing onto the stack will be done by several
PUSH instructions spread throughout the target code. In order to pop off the stack exactly
the number of items earlier pushed onto it, we need a function that tells us how many PUSH
instructions are contained in certain strings of target code. So we define containspushes(t,n)
by:

Cl: containspushes(<<'PUSH ... >>,1)

|
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C2: containspushes(<<a ...>>,0) when a = 'PUSH

C3: containspushes(tl,nl) A containspushes(t2,n2) -
containspushes(< 'tl 't2 >, nl + n2 )

where tl and t2 are lists of statements. Note that < 'tl1 2 > is the list containing all the
statements in the list t1 followed by all the statements in the list t2. Cl and C2 give the
containspushes property for strings that contain a single instruction, and C3 allows us to
combine strings to arbitrary numbers of target instructions.

With the containspushes property we may then axiomatize the stackok property we
described above. For reasons of function linkage explained more fully in Chapter 4 we also
define stackokreturns, which describes a string of target code which has the stackok property
with the exception of an additional concluding POP ] statement. POP]J returns to a location
which is taken from the stack.

The following axioms then describe stackok and stackokreturns. Explanations of the
axioms are found below.

S1: stackok(t) - stackokreturns(< 't ’'<POPJ P>>)

§2: stackok(tl) A containspushes(t2,n) -
stackok(< 't2 'tl <'SUB 'P <'C 0 0 n n>>>)

S3: stackok(tl) A stackok(t2) » stackok(< 'tl 't2 >)
S4: stackok(<<'CALL ...>>)

S5: stackok(<<'MOVE ...>>)

S6: stackok(<<'MOVEI ...>>)

S7: stackok(< 1 >)

where | is a label

S8: stackok(< < 'JRST O | > 't | >)

where t is a list of zero or more statements and | is a label

S9: stackok(tl) A stackok(< 't2 1 !tl >) -
stackok(< < "JUMPX & | > 1t2 | 'tl >)

where 'JUMPx means 'JUMPE or 'JUMPN, and tl and t2 are lists of zero or more
statements.

S1 is the definition of stackokreturns in terms of stackok. In S2 we state that n pushes
to the stack must be balanced by a later pop of n items, with the intervening instructions

R e r .
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leaving the stackok. Concatenation of stackok strings is allowed by S3. We list certain target
instructions (including labels) that are stackok in S4 through S7. In S8 we state that a string
of statements is stackok if we execute an unconditional jump over all of them. S9 requires
that both paths which a conditional jump might take must be stackok for the entire assembly
of statcments to be stackok.

It might be surmised that $9 could have been more simply stated as:

$S9S: stackok(t2) - stackok(< < 'JUMPx i 1 > 't2 1 >)

While this simpler axiom is true and would be useful in our proofs, it is not strong enough to
prove some cases that arise. The shortcomings of $9S become obvious when it is realized that
stackok(t2) may be undefined. For example, t2 can contain a jump to a point in tl. Then
none of our axioms will allow us to define stackok(t2), but use of axiom S8 (possibly in
combination with S$3 and others) will allow us to define stackok of the combination of tl, the
label |, and t2.

It may be noted that the simple forms of jumps output by the compiler are always
forward jumps, and hence there are no loops. Also, all execution paths that separate at a
conditional jump eventually rejoin below. It is this simplicity of target code that allows
comparatively simple axioms defining stackok with respect to jump statements. We do not
necd to resort to finding execution paths or loops.

The fact that we will complete the stackok proofs of MCO with only these stackok
axioms will ensure that, as we have casually assured the reader, there are no backward jumps
in the target code produced by MCO. If there were backward jumps (at least in code that is
required to satisfy the stackok property), no axioms would apply to such code, and we would
be unable to continuc a stackok proof. Only S8 and S9 have jumps in them, and both have
the forward direction of the jump built into them. Similar reasoning using axiom S9 ensures
that paths which split must re join below.

3.16 The F Functions

In several places in the assertions we must speak just of the new target code produced
by a specific call to a compiler procedure. The arrangement of the compiler MCO does not
result in any compiler variable holding just the code resulting from a given routine, so we are
not able to use a compiler variable name for such references. Instead we pass an output file as
a variable paramcter to many of the procedures of the compiler, to which those procedures
add statements of target code. Rather than try to extract from this output file the target code
which was added to the file since some earlier time, we will arbitrarily give that added code a
symbolic name. The name "F function” comes about because we have prefixed the letter F to
associated procedure names to create a unique new name by which new target code may be
referenced.

These F functions are an extension of Hoare and Wirth's method for variable
paramecters [Hoare73). In their method, the existence of a function is assumed in order to
express the final value of a variable parameter to a procedure as a function of the initial
values of the parameters. These functions are given arbitrary names for use in program
proving, and, except in very simply analyzable situations, these functions (or at least certain
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important properties of them) must be supplied by the prover of the program. The F
functions differ from the Hoare and Wirth functions in that ours refer only to the part added
to the parameter rather than the entire final value.

The F functions are actually formally defined by the use of the assume function in the
theorem prover when proving the resulting verification conditions. In other words, we use a
new function name in the assertions about the compiler without supplying code or assertions
describing that function. Then in the proof of the resulting verification conditions we may
assume certain properties about those functions, and that assumption constitutes the definition
of those functions.

An example of this technique occurs in proving the case involving the AND syntactic
type of the compiler MCO. The following assertion is needed in procedure COMPEXP in
order to carry out the proof of other assertions.

OUTFILE =
< ! OUTFILE’
! FCOMPEXP (EXP, M, LOCTABLE)

>

where the suffixed single quote mark indicates initial value of a variable parameter.

One clause of one of the verification conditions resulting from that assertion requires
that we prove the following conclusion under the conditions of this subcase (syntactic type is
AND, more than zero arguments). i

< ! OUTFILE’
! FCOMPEXP (EXP,M, LOCTABLE)

< ! OUTFILE’
! FCOMPANDOR (CDR(EXP) ,M,L1, FALSE, LOCTABLE)
< 'MOVEI 1 < 'QUOTE 'T > >
< 'JRST 0 L2 >
L1
< 'MOVEI 1 0 >
L2

>

Recalling that FCOMPEXP has not yet been formally defined, we see that assuming this
subgoal in the theorem prover simply defines FCOMPEXP for this subcase as:

W
i
2
1
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< ! FCOMPANDOR (CDR(EXP) ,M,L1,FALSE, LOCTABLE)
< "MOVEI 1 < 'QUOTE 'T > >
< "JRST 0 L2 >
L1
< "MOVEI 1 0 >
L2

The full set of definitions for FCOMPEXP and other F functions for all cases in the
compiler MCO is given in Section A.l. We assume the value of FCOMPEXP (or any other
F function) only once for each case or subcase. The mutually exclusive definitions of source
language syntactic types assures us that no two definitions apply for any given piece of source
language, thus eliminating the possibility of this method producing an inconsistent definition
of an F function.

3.17 The Gensym Problem

Gensym is a Lisp function of no arguments that produces a unique identifier every time
it is called. The compiler MCO uses it to produce unique labels in the target code.
Unfortunately it is not a mathematical function because it has the side effect of causing the
next call to it to produce a different value. It is the opposite of the aliasing problem (multiple
names for one value), because gensym has one name that may represent multiple values. It
complicates proving terribly if we cannot depend on F(X) = F(X), i, F=F.

One solution to this would be to write a gensym procedure complete with a variable
parameter that is passed everywhere throughout the program and incremented at every
gensym call. Its ever-changing value would present a base from which to construct an ever-
changing identifier. We think this solution is too low-level and messy for easy proof. Instead
we chose to use the verification condition generator mechanism for variable parameters to
procedures, which assigns unique identifiers to represent them after each procedure call within
a program unit. Therefore gensym was made a procedure with its former function value
passed back as a variable parameter instead. Then each call to gensym within a program unit
got its parameter renamed uniquely and consistently in the verification conditions produced.

Another problem associated with gensym is the violation of the assumption that
procedure Exit assertions are expressed in terms of only the procedure parameters (and
possibly their initial values). A reference in an Exit assertion to a variable existing only
inside the procedure (i.e., a local variable, not a parameter) could clash with another variable
of the same name in any other procedure calling it. For this reason, the Exit assertion must be
considered to be outside the scope of locally declared variables. However, it is often necessary
in the compiler MCO to refer in an Exit assertion to the variable produced by a gensym call
within a procedure. For example, the Exit assertion of COMPEXP (the main compiling
routine for expressions) for the case of a COND syntactic type with no arguments is:
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ISCOND(EXP) A NULL(CDR(EXP)) -
OUTFILE =
< ! OUTFILE’

L5

The suffixed single quote mark indicates initial value of a variable parameter. The L5 is a
compiler variable into which gensym returns a unique name for use as a target code label.

When COMPEXP is called by a routire, say X, the verification condition being
generated in X will have added to it the properties from COMPEXP’s Exit assertion. Thus
L5 from within COMPEXP could clash with an L5 in X; that is, we could have L5 referring
to two different ob jects in the same verification condition. This would invalidate the proof,
assuming we actually use those clashing uses of L5 in the proof of the verification condition.
However, if we proved a verification condition, for instance, by means of its hypothesis being
false, the proof would remain valid even if clashing variable uses occurred in the conclusion
of that verification condition, since we did not actually use the conclusion.

To prevent clashes from even occurring in most verification conditions, we have named
uniquely the arguments to gensym on all the calls throughout the compiler. Thus, in the
above example from COMPEXP, no other routine will contain a variable name that could
clash with gensym argument L5 introduced when COMPEXP is called. Even with the
unique argument naming, two possible sources of clash remain that could invalidate a proof.
One is the case of a recursive ca" For example if COMPEXP calls itself, the L5 from the
lower call will be introduced into | ' e verification condition that may already refer to L5 in the
top level instance of executing COMPEXP. The other possibility is that a verification
condition could involve two calls to the same routine, and therefore introduce the gensym
argument variable twice to mean two different scopes of that variable.

The part one proofs were examined for cases where a gensym variable name was
introduced into a verification condition by a procedure call so that a gensym variable clashed
with a variable name already used to mean something else. In every case where this did
occur, the proofs were carried out without making any use of the clauses in which the clashing
reference occurred. Thus the proofs may be considered valid. The problem of searching for
such clashes was simplified greatly by the separate asserting and proving of each syntactic
type. Had assertions for all cases been entered at once, a great many more clashes would have
occurred, but all in clauses of the verification conditions that pertained to other cases and thus
would not be used in the proof of that case.

An alternative method of avoiding such clashes would have been to pass all gensym
arguments as variable parameters to every procedure that either used them or called a
procedure that used them throughout MCO. Then the variable parameter mechanism of the
verification condition generator would rename them to prevent clashes. Unfortunately it
would also greatly increase the size of the verification conditions resulting. It appears that the
examination to determine that clashes did not occur was indeed easier than it would have
been to wade through more complex verification conditions at nearly all stages of the part one
proof.

As mentioned above, all references in an Exit assertion to local variables must normally
be eliminated. A local reference is eliminated by using an expression of the input parameters
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that is equal to the local variable. But the gensym variable must be referred to in an Exit
assertion by its name, not as a function of the procedure’s input parameters, because the
gensym variable, by the design of gensym, bears no relationship to previously known values.
That is, the only requirement on gensym is that its output be different from previous output.
This is why the gensym variables are different than other local variables in that they cannot
be expressed as functions of the input parameters and therefore must appear in the Exit
assertion.
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4 RESULTS

4.1 Derivation and Statement of the Main Result

The function of a compiler is to translate a program from a language for which we do
not have a suitable means of executing it (the source language) into another language for
which we do (the target language). Therefore the statement of correctness of a compiler is that
for all source programs the target program produced by the compiler produces the same results
when run as the source program would if it were run. We will precisely define the effects of
executing a statement by the use of Hoare type proof rules. Thus our first attempt at the
statement of correctness for compiler MCO would be:

For all programs A ( (P{A}Q) » (P{COMPILATION(A)}Q) )

We will always assume that the source program A is a legally executable program.
Preventing compile-time and run-time errors is a problem which we will not address. We
simply wish to show that if a source program can be proved to accomplish a given effect by
use of the Hoare formalism, then its compilation will accomplish the same effect.

In order to tailor our statement of correctness to structural induction, we will express
that statement in terms of the source language structural units, expressions and statements,
rather than in program terms. The statement of correctness becomes:

For all statements or expressions S ( (P{S}Q) » (P{COMPILATION(S)}Q) )

In the proof of compiler MCO we will first treat the one syntactic type of our source
language that is a statement, the function definition. For it we have in the source language

Entry(f) {S} Exit(f)

where S is of the form < 'DE f <al .. an> exp >.
The Entry and Exit represent the only P and Q for which P{S}Q holds when S is a
function definition. Thus the attempt at a statement of correctness is:

ISFUNCTIONDEF(S) » (Entry(f) {COMPILATION(S)} Exit(f))

This statement of correctness suffers from having made the assumption that the
assertions may be stated in the same terms for both source and target languages. This is
typically not the case. The source language will usually use symbolic names for variables,
while the target language will usually use memory locations, or at least indirect memory
references, such as locations relative to a stack pointer.

A similar problem occurs for constants in the source language. For compiler MCO, only
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one constant is reptesented differently in the source and target languages. So we must
substitute 0 (the target representation) for NIL (the source representation) in assertions.

The function calling convention of a compiler generally defines a fixed group of
locations in the target machine in which we will expect to find the arguments to a called
function. For MCO, the arguments will be passed in the registers, which we designate as R1,
R2, .., Rn. Similarly the result of a function will be passed back in register one (R1).

Thus for a function definition statement S, we will state the correctness of the compiler
MCO as (using the substitution notation of Section 3.6):

NIL |al an
Entry(f) |O R1' ... |Rn’ {COMPILATION(S)}
h NIL |al an
Exit(f) |Rl |O RI' ... |Rn’

where S is of form < 'DE f <al ... an> exp >, the identifier h is the designation used in Exit(f)
for the function value returned by the function f, and Ri’ is the initial value of register Ri.
Since the initial and present values of the registers are the same at the time of the Entry
assertion, the single quotes signifying initial values are unnecessary for the Entry. However,
they will make clearer the fact that we are referring to initial values during the proof, so they
will be used here. It might be noted that h must be an identifier, not an expression, because
the substitution formalization is valid only when substituting for identifiers.

Note that since the registers (Ri's) are distinct from the formal arguments (aj's), we may
make the substitution of registers for arguments either sequentially or simultaneously. We
choose sequentially because more of the substitution simplifications apply to sequential forms.
Note also that Entry and Exit can be functions of only formal arguments; Exit may also
include the returned function value. There are no global or free variables inherited in this
source language. Therefore we have renamed into target language all variable names in Entry
and Exit.

Now the question arises, by what name in the MCO compiler code is the compilation of
S rcturned? The answer is almost COMP(S,OUTFILE). What COMP(S,OUTFILE) actuaily
returns is the initial value of the sequential output file OUTFILE with the compilation of S
appended to the end. Therefore we will define a new name to describe exactly the
compilation of S, rather than almost what we want. FCOMP(S) is (by definition) the target
code added to OUTFILE to obtain the returned value of COMP(S,OUTFILE). Because of
the way we wrote the Exit assertion for COMP, it is obvious what portion of that assertion is
represented by FCOMP.

Having arrived at the statement of correctness for MCO in the case of the function
dcefinition, we now turn to the case of expressions. The source language Hoare rule for
expressions must account for the Entry and Exit conditions of the functions contained in the
expression, and the way in which they are nested. We will define below a precondition Pre
and a postcondition Post to accomplish this. The source language Hoare rule is:

Pre(S) A (Post(S) - Q) (S} Q

where S is of form <f bl .. bn>, f has been defined (by the user or the basic Lisp language
definition) with formal arguments al, .., an, and
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Pre(S) = Pre(bl) A ... A Pre(bn) A

al ... an
Post(bl) A ... A Post(bn) » Entry(f) |bl ... bn),
and
al ... an |h
Post(S) = Post(bl) A ... A Post(bn) A Exit(f) |[bl ... bn |S

Note that the substitutions of actual for formal arguments must be simultaneous. The
substitution for the result h may be done after the argument substitution (rather than
simultaneously) only by assuming h is distinct from the a’s and b’s. This can be made so by
renaming h for purposes of this proof.

The Pre(S) then represents the collection of all necessary preconditions nested in the
expression, while Post(S) is the collection of all results in the expression. There will be
shortened forms of these definitions of Pre and Post in cases (AND, OR, COND) where not
all arguments are necessarily evaluated. Shortening of these forms may also occur for certain
functions whose Entry or Exit is TRUE, allowing logical simplification. A full accounting of
Pre and Post for all cases of MCO is given in figure 4-1.

It should be noted that this form of Hoare rule nests the Entry and Exit conditions in
exactly the order that they are nested in the expression S. This allows the source language to
contain dependencies between the Entries and Exits. The dependencies might be of the kind
where the Entry condition of a function is implied by the Exit condition of its argument. For
example, an Exit condition of the Lisp function CONS is that its result is not atomic, which
would satisfy the Entry condition of CAR (that its argument not be atomic) in the expression
CAR(CONS(X,Y)). It is clear by the duplication of the original nesting of the source
expression into the Pre and Post conditions that this Hoare rule formulation will properly
account for these dependencies.

Our first attempt at a statement of correctness for expressions is:

ISEXPRESSION(S) -+ (Pre(S) A (Post(S) » Q) {COMPILATION(S)} Q )

Rut now we must return to the old problem of renaming variables to target language
locations. An expression may use any variable names declared by a containing function
definition or lambda expression.

Thus we will define a list v of variable names declared and a list w of memory
locations. The list v will have all newly declared variables added to its beginning, and the
corresponding location assigned will be added to the beginning of w simultaneously. Similarly
items will be removed when we leave their scope. Thus this pair of lists, dynamic during
compilation of a program, will have in v the name of any variable that may be used in an
expression, and will have in the corresponding position in w the target language location
assigned. 1If a variable is declared more than once, the most recent one is valid, so we must
use the first time that variable appears in v.

Fortunately the concept of such a pair of lists has already been invented and is called a

L e b s e




32 RESULTS

symbol table. MCO, like most compilers, uses a symbol table, so we will be able to extract v
and w from LOCTABLE, the variable within the MCO’s data that holds the current symbol
table. Because MCO uses locations relative to a stack pointer, we will have to make a relative-
to-absolute ad justment to put actual locations in w. But other than that, extracting v and w
from LOCTABLE will be simply the extraction of a pair of lists from a list of pairs.

LOCTABLE holds Lisp dotted pairs of associated variable names and locations in the
form:

< <NAMEl . LOCI> ... <NAMEr . LOCr> >
Thus v and w will be given by:

v = < NAMEl ... NAMEr >

w = < m[M+P+LOCI] ... m[M+P+LOCr] >

where m designates an array of memory used as a stack. When variables are declared, MCO
allocates space for them in m beginning at m[P+1], since P is a pointer to the last used
location in m. The LOCi locations are relative to the run-time value of P at entry to the
present function. Since P will be updated as execution proceeds, we will keep track of how far
different the present value of P is from the initial (function entry) value with a variable called
M. It is minus the number of stack locations locally used, so that M+P is the initial value of
P.

Thus the statement of correctness of MCO requires the substitution of locations from w
for the variable names of v in source assertions to get target assertions. Since the notation we
will use for locations will not be the same as that used for source variables, the substitution
may be simultaneous or sequential. Again we will choose sequential to ease the simplification
of substitutions. The statement of correctness for expressions is now:

ISEXPRESSION(S) -

v |NIL v |NIL v |NIL

(Pre(S) [|{w |0 A (Post(S) |{w |0 - Q ||w |0 )
v |NIL
{COMPILATION(S)} Q ||w [0 )

However, this ignores the fact that expression values are accessed by the expression
itself in source language, but by use of register one (R1) in target language. Thus we must
substitute R1 for all occurrences in Q of the expression in question. We do not have a
notation for substitution for an expression. The substitution notation and its simplification
rules used here are only valid for substitution for an atom. But we will avoid the need to
express or simplify such substitution by letting the variable T (not to be confused with the
Lisp constant T) represent the result of substituting R1 for the expression in question.
Further, we will assume that T has already had w substituted for v and 0 for NIL. Thus T is
the target language equivalent of the source language assertion Q.
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Then before the curly brackets of the Hoare formula we can say that T holds if we
substitute in it the expression (translated to target language terms) for R1. Thus we get:

ISEXPRESSION(S) -
Rl

NIL
0 -»T|S

NIL
0 )

NIL
0 A (Post(S)

v
w

\4
w

v
w

(Pre(S)
{COMPILATION(S)} T )

Note the strong resemblance of this formula to the Hoare rule that would result from

assigning
v [NIL
S ||w |O

(the target language equivalent of S) to a variable called R1, where the substituted S is a
function call with a precondition and postcondition.

One further problem remains. The action in target language of an expression
evaluation involving a function call resembles a procedure call with variable arguments rather
than a function call with constant arguments. That is, registers R2 .. Rm may have their
values changed during evaluation of the function call. Of course R1 will be changed also, but
its value will be set to the value returned by the expression. Note that m is not necessarily the
same as n, the number of arguments, because nested function calls may wipe out more or fewer
than n registers.

Thus in our proof of MCO we must not allow the code to use the previous value of the
registers R2.. Rm. We ensure this with the same technique used for variable procedure
arguments, that of quantifying the registers that are subject to new values during function
execution.

We define N(S) as the number of such registers. It is precisely defined for various
syntactic types in figure 4-2. Note that N(S) < 2 means no registers (other than R1) are
sub ject to change and no quantification is then intended by the notation YR2,..,RN(S).

To avoid confusion between the argument of N and the expression quantified, we will
always leave a space before the expression quantified. For example, YR2,.,RN(S) (T) means
VR2,..Rm (T) where m = N(S).

In a manner similar to FCOMP, we define a new function
FCOMPEXP(S,M,LOCTABLE) to be the target code added to OUTFILE to obtain the
returned value of COMPEXP(S,M,LOCTABLE,OUTFILE). The final version of the Hoare
formulas we must prove for the correctness of MCO is then:

v — ST . =7
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1) 1SFUNCTIONDEF(S) -

NIL Jal an
(Entry(f) [O RI' Rn’ {FCOMP(S)}
h NIL |al an
Fxit(f) [Rl |O RI' ... |Rn" )

where S is of form < 'DE f <al .. an> exp >, h is the designation used in Exit(f) for the
function value returned by f, and R{’ is the initial value of register Ri.

2) ISEXPRESSION(S) -

v |NIL v |NIL
(Pre(S) w |0 A (Post(S) |[w]O -
R1
v |NIL
VR2,...,RN(S) (T [S ||w |0 )) {FCOMPEXP(S,M,LOCTABLE)} T )

where LOCTABLE is of form <<NAMEI.LOCI>. . <NAMEr.LOCr> >,
ve<NAMEI .. NAMEr >, w = < m[M+P+LOCI1) .. m[M+P+LOCr) >, m is the array of
memory used as a stack, M is minus the size of that portion of the stack containing locally
declared variables, P is the stack pointer, Pre(S) is the collection of preconditions nested in S
(this is precisely defined in figure 4-1), Post(S) 1s the collection of postconditions nested in S
(see figure 4- 1), and N(S) is the maximum number of registers that are modified during
execution of the compilation of S (this is precisely defined in figure 4-2).

It might be pointed out that for MCO these formulations of correctness (conditions 1)
and 2)) require the target language program to terminate if the source language program did.
The reason for this is that Luckham and Suzuki have shown [Luckham?77) that Hoare rule
proving systems are adequate to show termination (with the use of recursion and loop
counters), coupled with the fact that MCO does not introduce into the target program any
sources of nontermination that were not in the source program. That is, there are no loops or
recursions in the compilation of any syntactic types except the same recursive calls that appear
in the source language. This assumes that all target language instructions involved always
terminate. It is often true of compilers that no new sources of nontermination are introduced,
except when source language operations are implemented by loops or recursion using simpler
operations--for example, implementing exponentiation by a loop containing multiplication. In
such a case, preservation of termination between the source and target language programs
would require a proof of the termination of any new (not appearing in the source language
program) loops or recursion that the compiler could produce in a target program.

There are some assumptions made about the stack in this formulation which we must
identify and justify. No distinction has been made in the Hoare formulas between the values
of P, the stack pointer, before and after the curly brackets containing target code. Similarly
the distinction is not made about m, the stack array. This implies that m has the same value
before execution of this target code as it has after, and similarly that P has the same value




RESULTS

K
o

before and after. But; in fact, both P and m are sub ject to change. So in order to use the
given Hoare formulas as statements of correctness, we must show that the values of P and m
after evaluation of each expression have becn restored to the values before. Because all
values within the stack m that we may subsequently use lie somewhere in the segment of m
from m[1] to m[P], it is sufficient to show that this segment of m remains unchanged rather
than all of m. It is often the case during execution of an expression evaluation that items will
be addcd to the stack m beyond m[P] and that P will be raised. But we must show that at the
end of that exXpression evaluation the value in P is returned to its former value, thus
removing (or more precisely abandoning) items beyond m[P], and show that the segment of m
up to m(P] was not changed.

The only two instructions produced by MCO that set stack locations are PUSH and
CAILL. They set only the location after the one to which P is pointing before the instruction
is executed. Thus we can see that a sufficient condition to accept the previously given
statement of compiler correctness is to show that P never drops below its beginning value
during evaluation of an expression, and that it returns with exactly the initial value. We
denote as stackok(z) this property of target code z.

Onc further property of the compiled code is required. The generally accepted
undcrstanding of functions, as well as the Hoare formalization of functions, implies that a
function, when its execution is completed, always returns to the point in the code from which
it was called. The target code must explicitly perform this returning as a go to type of
statcment. Since the returning is to be accomplished by leaving the return point on the stack,
we will combine its proof with the stackok proof. The mechanism used by target code is that
a CALL instruction not only jumps to the code for the called instruction, but pushes onto the
stack a location to which the called function is to return. Thus every compiled function must
end its execution with a POP ] instruction, which removes one item from the stack and jumps
to where that item points. Target code which is stackok except for a concluding POP ]
instruction will be called stackokreturns.

These properties stackok and stackokreturns are defined by a set of axioms. The proof
of MCO then requires that the following two conditions be proved for each syntactic type:

3) ISFUNCTIONDEF(S) - stackokreturns (FCOMP(S))
4) ISEXPRESSION(S) -+ stackok (FCOMPEXP(S,M,LOCTABLE))
The conditions 1) through 4) then constitute the statement of correctness of the compiler
MCO and will be proved for all syntactic types of source code.
FIGURE 1-1
Definitions of Pre(S) and Post(S) for the syntactic cases of S:
case of NIL:
Pre(S) = TRUE
Post (S) = TRUE

case of T
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Pre(S) = TRUE
Post(S) = TRUE
ISNUM RER case:
Pre(S) - TRUE
Post (S) - TRUE
ISIDENT'IFIER case:
Pre(S) = TRUE
Post (S) = TRUE
AND (no arguments) subcase:
Pre(S) = TRUE
Post(S) = (S = <"QUOTE 'T>)
where <’\QUOTE 'T> is the Lisp constant for TRUE.
AND (n > 0 arguments) subcase:
Pre( < '"AND bl b2 ... bn > ) =
Pre(bl) A (bl = NIL > Pre( < 'AND b2 ... bn > )
Post( < 'AND bl b2 ... bn > ) =
(bl = NIL » S = NIL) A
(bl = NIL 5 S = < "ANDDb2 ... bn >) A
Post(bl) A
(bl » NIL > Post( < "AND b2 ... bn > ))
OR (no arguments) subcase:
Pre(S) = TRUE
Post(S) = (S = NIL)
OR (n > 0 arguments) subcase:
Pre( < 'OR bl b2 ... bn > ) =
Pre(bl) A (bl = NIL 5> Pre( < 'ORb2 ... bn > )
Post( < 'OR bl b2 ... bn > ) =
(bl #» NIL » S = <'QUOTE 'T>) A
(bl = NIL5>S =< 'ORb2 ... bn 5) A
Post (bl) A
(bl = NIL » Post( < 'ORb2 ... bn > ))
NOT case:
Pre( < 'NOT bl > ) = Pre(bl)
Post( < 'NOT bl > ) = (bl = NIL » S = <'QUOTE 'T>) A
(bl #» NIL » S = NIL) A
Post (bl) ‘
B e A
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COND (no arguments) subcase:
Pre(S) = TRUE
Post(S) = (S = UNDEFINED)

COND (n > 0 arguments) subcase:
Pre(S) = Pre(cl) A (cl = NIL » Pre(dl)) A
(cl = NIL > Pre(< "COND <c2 d2> ... <cn dn> >))

Post(S) = Post(cl) A (cl = NIL » Post(dl) A S = dl) A
(cl = NIL » Post(< "COND <c2 d2> ... <cn dn> >) A
S = < "COND <c2 d2> ... <cn dn> >)

where S i1s of form < 'COND <cl di> <c2 d2> ... <cn dn> >.
QUOTF casc:

Pre(S) = TRUE

Post (S) = TRUE

case of a function call:
Pre(S) = Pre(bl) A ... A Pre(bn) A

al ... an
(Post(bl) A ... A Post(bn) » Entry(f) |bl ... bn)
al ... an |h
Post(S) = Post(bl) A ... A Post(bn) A Exit(f) {bl ... bn [S
where S is of form <f bl ... bn>
case of a lambda:
Pre(S) = Pre(bl) A ... A Pre(bn) A
al ... an
(Post(bl) A ... A Post(bn) » Pre(exp) |bl ... bn)
al ... an
Post(S) = Post(bl) A ... A Post(bn) A Post(exp). (bl ... bn
where S is of form < <LAMBDA «<al .. an> exp> bl ... bn >
FICURE 4-2
Definitions of N(S) for the syntactic cases of S:
case of NIL:
N(S) = 1
case of T:
N(S) = 1
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ISNUMBER case:
N(S) = 1

ISIDENTIFIER case:
N(S) = 1

AND (no arguments) subcase:
N(S) = 1

AND (n > 0 arguments) subcase:
N( < 'AND bl b2 ... bn > ) =

If bl = NIL then N(bl) else max(N(bl) ,N( < "AND b2 ..

OR (no arguments) subcase:
N(S) = 1

OR (n > 0 arguments) subcase:
N( < 'ORblI b2 ... bn> ) =

If bl » NIL then N(bl) else max(N(bl) ,N( < "OR b2 ...

NOT case:
N( < 'NOT bl > ) = N(bl)

COND (no arguments) subcase:
N(S) = |

COND (n > 0 arguments) subcase:
N( < "COND <cl diI> <c2 d2> ... <cndn> > ) =
If cl » NIL then max(N(c1),N(dl))
else max(N(c1),N( < "COND <c2 d2> ... <cn dn> > ))

QUOTE case:
N(S) = 1

case of a function call:
N( <f bl ... bn> ) = max(N(f),N(bl),...,N(bn))

case of a lambda:
N( < <'LAMBDA <al ... an> exp> bl ... bn > ) =
max (N(exp) ,N(bl),...,N(bn))

RESULTS

. bn>))

bn > ))




RESULTS 39

FIGURE 4-3
Assertions about the compilation of code EXP for each syntactic case:
case of a function definition:

1SFUNCT 1ONDEF (EXP) -
OUTFILE -
< ! OUTFILE'
< 'LAP CADR(EXP) 'SUBR >
! FMKPUSH(LENGTH (CADDR(EXP)), 1)
! FCOMPEXP (CADDDR (EXP),
-LENGTH(CADDR(EXP) ),
PRUP (CADDR(EXP) , 1),
)
< 'SUB 'P < 'C 0 0 LENGTH(CADDR(EXP)) LENGTH(CADDR(EXP)) > >
< 'POPJ 'P >
'NIL

>
case of NIL:

ISNIL(EXP) -
OUTFILE =
< ! OUTFILE’

< "MOVEI 1 0 >
>

caseof 1"

IST(EXP) -
OUTFILE =
< ! OUTFILE’
< "MOVEI 1 < 'QUOTE 'T > >

>
ISNUMBER case:

ISNUMBER (EXP) +
OUTFILE =
< ! OUTFILE’
< 'MOVEI 1 < 'QUOTE EXP > >

>

ISIDENTIFIER case:

——
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ISIDENTIFIER(EXP) -
OUTFILE =
< ! OUTFILE’

< "MOVE 1 RETRIEVE(EXP,M,LOCTABLE,OUTFILE') 'P >

>
AND (no arguments) subcase:

ISAND(EXP) A NULL(CDR(EXP)) -
OUTFILE =
< ' OUTFILE’
< "MOVEI 1 < 'QUOTE 'T > >
< "JRST 0 L2 >
LI
< "MOVEI 1 0 >
L2

>
AND (n > 0 arguments) subcase:

OUTFILE =
< ! OUTFILE’
! FCOMPEXP (EXP, M, LOCTABLE)

>

ISAND (EXP) -
OUTFILE -
< ! OUTFILE’
! FCOMPANDOR (CDR(EXP) , M, L1, FALSE, LOCTABLE)
< 'MOVEI 1 < 'QUOTE 'T > >
< 'JRST 0 L2 >
LI
< 'MOVEI 1 0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>