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Abstract. We outline a new methodology for compiler design, based
on the use of a transformation logic defined within an existing general-
purpose logical framework. We discuss how this methodology can be used
to address several central issues in compiler design and implementation:
ease of implementation, extensibility, compositionality, and trust. We
show how pre-existing features of the logical framework we use help in
compiler implementation; and we also discuss which features need to be
added to the framework in order to facilitate our approach to compiler
development.

1 Introduction

We are developing a new methodology for compiler design, based on the use of
a transformation logic defined within an existing general-purpose logical frame-
work. In our approach the central part of the compiler is a set of specifications
on a formal language; these specifications follow a standard textbook account of
programming language semantics almost to the letter. Most of the work required
to turn these specifications into an actual compiler is handled automatically by
the logical framework. We demonstrate how this methodology can be used to
address several central issues in compiler design and implementation: ease of
implementation, extensibility, compositionality, and trust.

We use the MetaPRLI formal tool [9/11], which provides a well-defined syntax
of terms, types, and programs. We represent programs and program transfor-
mations using higher-order abstract syntax (HOAS); binding, scoping, and sub-
stitution are handled automatically by the framework. The HOAS also allows
mixing the object language (that contains operators like “let”) with the meta-
language (that contains operators like “CPS”), explicitly expressing the interme-
diate states of the compilation process. In addition, the framework provides a
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rich tactic language for guiding proofs and transformations and for automatically
extracting such guidance information from annotated specifications. Finally, the
framework provides us with an interactive program refinement mode (initially
designed for interactive formal proof development) and together with the explicit
meta-language it proved to be an extremely powerful debugging tool.

Compositionality is a well-established principle in the construction of logical
theories. In the compiler domain, we take a similar approach to compositional-
ity and extensibility. The compiler defines a core theory for System F (variables,
functions, application, and second order quantifiers) that is divided into trans-
formation stages including type inference, type checking, CPS transformation,
closure conversion, and assembly code generation. Additional components for
Boolean values, arithmetic, tuples, arrays, recursive functions, etc., are defined
as independent extensions. Each extension defines its own set of formal rules
for each transformation stage and adds new strategy code to the tactic used to
control that stage. By locally ensuring that the component acts as a conserva-
tive extension of the core and other components it is derived from, we get a
strong guarantee that there will be no unexpected interactions between different
compiler modules or different language features.

Another extremely important and challenging issue in compiler development
is reliability and trust. In the context of a compiler, it is useful to focus on the
code where flaws have the potential to cause the compiler to produce incorrect
output for some input program—we call such code trusted. Flaws in untrusted
code may cause the compiler to fail to produce output on some valid input
programs, but they cannot cause the compiler to produce incorrect output.

When a compiler is implemented in a general purpose language, it is often
difficult to isolate the parts of the compiler that must be trusted, and in the
worst case the entire code base must be trusted. Trust is also a central issue in
compositionality and ease of implementation. If the invariants that specify the
compiler involve complex interactions between many parts of the implementa-
tion, maintaining and extending the compiler can be quite difficult.

In our approach, the compiler is built in the style of the LCF theorem
prover [4]. The program transformations are each defined in two parts: a set
of trusted transformation azioms and untrusted tactic code to direct the trans-
formation strategy. The transformation axioms are defined in a formal logic
using notation similar to that in the literature, they represent only a small part
of the compiler, and they are verifiable. That is, the entire trusted code path
is small, precisely and formally defined, and it may be validated against a pro-
gram semantics if desired. Note, however, that we do not consider verifiability to
be the primary concern of this work. We believe that there is substantial value
in significantly reducing the amount of trusted compiler code, even if it is not
completely eliminated.

A number of guarantees are provided by the framework itself. For example,
the HOAS implementation ensures that program transformations are never al-
lowed to violate scoping or accidentally capture a variable. Even the framework
implementation does not have to be trusted—the tool is capable of retaining
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and providing a full log of the program transformations performed during the
compilation process; if an extreme level of confidence is needed, an independent
checker could be implemented.

1.1 Overview

This paper is based on a case study of a working compiler implementation for an
MTL-like source language [7], compiled to assembly code for the Intel x86 machine
architecture. As mentioned, the core is based on the language of System F. There
are extensions for 1) additional base types like Boolean values and integers, 2)
aggregates like arrays and tuples, and 3) recursive functions. The backend uses
HOAS to define a scoped x86 assembly language [7J10]. The compiler stages
include type inference, type checking, CPS transformation, closure conversion,
and assembly code generation. The compiler is implemented in the MetaPRL
logical framework.

This paper focuses on demonstrating how the features of the logical frame-
work help to implement the compiler and improve its trustworthiness and ex-
tensibility. In our implementation we were able to precisely and concisely define
each of the standard compiler stages (excluding parsing and pretty-printing of
the output assembly) formally. The precision comes from using the formal no-
tation, and the brevity follows from the rich set of tools provided by the logical
framework. We begin the account with a description of terminology (Section [2))
and the overall compiler architecture (Section [3)), and follow it with a description
of a few of the key stages of the compiler. As a demonstration of our approach,
we present the CPS stage of the compiler (Section [4) based on the work of
Danvy and Filinski [3] and show how the use of HOAS and derived rules in
logical framework can make our implementation simpler that Danvy and Filin-
ski’s original account. Finally, Section [5/ provides a discussion of our experiences
and give some ideas for further improvements of the methodology and Section |6
discusses related work.

2 MetaPRL

All logical syntax in the MetaPRL| framework is expressed in the language of
terms. The general syntax of all terms has three parts. Each term has 1) an
operator-name (like “sum”), which is a unique name identifying the kind of term;
2) a list of parameters representing constant values; and 3) a set of subterms
with possible variable bindings. We use the following syntax to describe terms:

opname  [p1;--- ;Pn] {T1t1; -+ Umtin )}
——
operator name parameters subterms

All the free occurrences of variables ¥; in ¢; will be considered bound by the
operator. When n = 0, the parameter brackets are omitted; when v; is empty,
the dot before ¢; is usually omitted.
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Below are a few examples of terms that could be used in a formalization of
a simple lambda calculus.

Pretty-printed form|Term
1 integer [1]1{}
Az.b lambda[l{ x. b }
f(a) apply[] { f; a }
x4y sum[1{ x; v }

Numbers have an integer parameter. The lambda term contains a binding oc-
currence: the variable x is bound in the subterm b.

Each operator has a fixed arity, which includes a fixed number of parameters,
a fixed number of subterms and a fixed number of bindings for each subterm.
(More specifically, if two operators have different arities, they will be considered
to be distinct even if they happen to have the same opname.)

In addition to the basic term language described above, the framework also
provides three special kinds of terms. The first one is the simple first-order
(object language) variables. These are the variables that can be bound in a
term.

Another class of special terms are second-order (meta-level) variables, which
are patterns used to define scoping and substitution [16]. A second-order variable
pattern has the form V[vi;--- ;v,], which represents an arbitrary term that
may have free first-order variables vy,...,v,. The corresponding substitution
has the form Vti;--- ;t,], which specifies the simultaneous, capture-avoiding
substitution of terms t1,...,t, for vq,...,v, in the term matched by V. Second-
order variables are used to specify logical rules and term rewrites.

A term rewrite states that any term that matches the left-hand-side of the
rewrite (its redezr) can be replaced with the corresponding value of the right-
hand-side of the rewrite (its contractum), and vice-versa, in any context. For
example, B-reduction could be specified with the following rewrite.

(Az.v1[z]) vy « [beta] — vy [vg]

The v;[z] in the redex stands for an arbitrary term that may have free occur-
rences of the first-order variable z, and vo is another arbitrary term. The meta-
term vq [v2] in the contractum specifies the substitution of the term matched by
vy for x in vy.

Second-order notation can also express the lack of bound occurrences of
a certain variable. The following rewrite is valid in second-order notation and
would be provable in the presence of the S-reduction rewrite.

(Az.v[]) 1 «[const] — (Az.v[]) 2

In the context Az, the second-order variable v[| matches only those terms that
do not have z as a free variable. No substitution is performed; the S-reduction of
both sides of the rewrite yields v[] «— v[], which is valid reflexively. Normally,
when a second-order variable v[] has an empty argument list [], we omit the
brackets and use the simpler notation v.
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The last class of special terms is sequents (sometime also called telescope
terms) of the form
1t %, tty Fa

where n can be 0. The term c is the conclusion of the sequent; the terms t; are
its hypotheses; the variables x; introduce binding occurrences (each x; is bound
in all ¢t; for j > ¢ and in ¢). Finally, the term a is the sequent argument that
specifies what kind of sequent it is—essentially the argument plays the same role
for sequents as the operator name plays for ordinary terms. Sequent schemas [16)
may also include contert meta-level variables that stand for arbitrary lists of
hypotheses. For example, the sequent schema

Iy 2 T); Alx] oy c[x]

(where I' and A are context variables and 7', a and ¢ are second-order variables)
stands for an arbitrary sequent with at least one hypothesis.

The compilation process is expressed in MetaPRL! as a judgment of the form
I' - {le)), which states that the program e is compilable in the logical context I".
The exact meaning of the ((e)) judgment is defined by the target architecture. A
program e’ is compilable if it can be represented by a sequence of valid assembly
instructions. The compilation task is a process of rewriting the source program
e to an equivalent assembly program e’.

MetaPRL uses OCaml [19] as its tactic construction language in the LCF
style. When an inference rule or a rewrite rule is defined in MetaPRL| the frame-
work creates an OCaml expression that can be used to apply the rule. Code
to guide the application of rules and rewrites is written in OCaml, using a rich
set of primitives provided by IMetaPRL. In addition, IMetaPRL automates the
construction of most guidance code.

3 Compiler Overview

A compiler is defined by a sequence of transformations that take a program in a
source language and translate it to a program in a target language. In this case
study, the full source language is an ML-like source language with type inference
and higher-order functions and the target language is the x86 assembly language.

Figure/l'shows a diagram of the compiler architecture, where the core and the
extensions are represented horizontally. Extensions do not have to define code
for each of the stages; for example, closure conversion applies only to functions,
and the other extensions may ignore it. Extensions may also have dependencies
upon one another, as shown by the arrows on the left of each extension: tuples
require integers, which require general operations for arithmetic, which require
Boolean values for relations.

The compiler includes an initial informal phase that uses the Phobos exten-
sible parser to convert the textual source code to the term representation used
by the logical framework [5].

The syntax for the typed intermediate language for the case study is shown
in Figure 2. The source language is similar, except it is untyped. For clarity, the
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recursive | | | | | |
functions I I

arrays  ®| || | |

integers [ | [ | [ |

arithmetic 9| | | |

Boolean values @ | | | |

l l l

source x86 target
program type type CPS closure code program
inference checking  conversion  conversion  generation

core: polymorphic lambda calculus

Fig. 1. The high-level compiler architecture is designed around a sequence of
transformations for a core language based on the polymorphic lambda calculus.
Each extension defines new types and values, as well as an extension to each of
the core stages. The vertical arrows indicate extensions to core stages; the code
is structured horizontally.

syntax is shown in the pretty-printed form; internally each of the expressions
and types uses native MetaPRL notation.

The arities of functions, application, type abstractions, type applications,
and tuples are unconstrained. Internally, functions and their types use sequent
notation. For example, the sequent x1: t1,...,x,: t, F. e is used to represent
the function Ac(x1 : ¢1,...,2Z, : t,).e. There are three kinds of functions and
application: A, represents a recursive function (f is the recursive binding); As
represents a “normal” function; an application e(e,..., e, : t1,...,t,). repre-
sents a closure (the runtime passes the arguments as a tuple).

4 Example: CPS Conversion

The implementation of CPS conversion is a good illustration of our methodology.
We wish to demonstrate both that 1) the formal definition of the compiler trans-
formations is natural, and 2) that the methodology is compositional. We present
a very straightforward implementation based on the ability of the framework to
combine the meta-language and the object language and we will show how the
tail recursive optimizations can be derived formally from the eta reduction.

We use a higher-order variant of Danvy and Filinski’s approach to CPS
conversion [3]. We start by adding a new term to the meta-language—
CPS{e; t;v.c[v]}, where the first argument e is the expression that is being con-
verted, the second argument ¢ is the type of that expression and the third argu-
ment is the meta-continuation of the CPS process. In other words, c is the rest
of the program and v marks the location where the CPS of e should go.

The following rule specifies CPS for variables of the object language.

CPS{lz; t;v.c[v]} « [cps_var] — c[lz]
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Expressions Types
Core language
en=2x Variables ti=« Variables
| (e:t) Type constraint | L Empty type
| letv:t = e;ines | T All programs
| Ax(z1:t1,...,%n : tn).e Functions | (t1,...,tn) —« t Function types
| e(e1,...,en:t1,...,tn)s Application
| Alar,...,an)t Type abstraction | V(ai,...,an).t Polymorphism
| elti,...,tn] Type application
Boolean values
| true | false Constants | B Boolean type
| ifethen e elsee Conditional
Integers
| Constants | Z Integer type
| e binope Arithmetic
| erelope Relations
Tuples
| (e1,...,¢en) Tuples | t1k--xty Product type
| (e:t).i Projection
Recursive functions Function kinds
Ar(T1 it Zn i, f i t).e ku=slc|r
binop =+ | — | Binary operations
relop = < | < | Binary relations

Fig. 2. The typed intermediate language is based on the polymorphic lambda
calculus. Extensions add Boolean values, arithmetic, tuples, arrays (not shown),
and recursive functions. The source language is a type erased version of the
intermediate language.

The notation !z is MetaPRL syntax for first-order variables that are bound out-
side of the local scope of the rewrite rule. In this rule, the meta-continuation
is consumed. The rewrite puts the variable into the appropriate location and
returns the whole expression. Note that we use meta-language notation in place
of Danvy and Filinski’s “static” operators @ and M.

In the rule for let expressions, a new meta-continuation is created.

CPs{let vy : t; = ey in eg[vy]; ta; va.clua]}
— [cps_let] —
CPS{e1;t1;v3.let vy : TyCPS{t;} = v3 in
cPs{ea[v1]; ta;va.clva]} }
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TyCPS here is a meta-term that is used to specify the CPS conversion for types
(adding an extra argument to all function types) similarly to how the CPS term
is used to specify the CPS conversion for expressions.

The rule for the CPS of applications could be specified the following way:

CPS{f(es : ts);t;v.c[v]}
— [cps_apply] —
CPS{f;ts — t;vy.
CPs{es; ts; ve.
let co : (TyCPS{t} — L) = Asv : TyCPS{t}.c[v] in
vf(ca,ve : (TyCPS{t} — L), TyCPS{ts})}}

where es and ts are second-order variables used to match lists of arguments and
types respectively.

In our implementation we add a meta-let operation to the meta-language.
meta_let v = e; in es[v] «— [meta_let] — eseq]
Using this operation, the cps_apply rule is written as follows.

CPsS{f(es : ts);t;v.c[v]}

« [cps_apply| —
CPS{f;ts — t;vy.
CPS{es; ts; .
meta_let t’ = TyCPS{t} in
meta_lett” =t' — 1 in
letco : t = Asv : t'.c[v] in
vg(ca,ve o t”, TyCPS{ts})}}

This is more efficient as the type ¢ will only have to be converted once, not 3
times. Again, the ability to combine the object language with meta-language
yields very compact straightforward and precise formal code.

The ability to manipulate the meta-continuations also helps making the rules
for the conversion of the argument lists very concise.

CPS{ey :: es;ty = ts;v.cfv]}
— [cps_args_cons] —
CPS{ey;t1;v1.CPS{es; ts; vs.clvy :: vs]}}

CPS{(); (); v-c[v]} « [cps-argsnil] — ¢[()]

Below is an example of a CPS rewrite from the Boolean extension, written
in the IMetaPRL! native syntax.

prim_rw cps_true {| cps |} :
CPS{bTrue; TyBool; v. ’c[’v]}
<==>
¢ [bTrue]
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The above 4 lines are the only code that needs to be added to the system for it
to know how to handle the true constant in the CPS stage. The system does not
require this code to go in a specific place. The {| cps |} annotation specifies
that this rewrite should be added to the lookup table [§] used by the CPS tactic.

In addition to the basic CPS transformation, we define a tail-recursive version
as TailCPS{e;t; k} := CPS{e;t;v.k(v)}. Using this definition we formally derive
the tail call optimizations using the eta reduction rule.

5 Conclusions and Future Work

During the course of this work on the case study, we found that the implemen-
tation was easier than we expected, in part because the ability to mix the object
and meta-language freely gave us more power than we anticipated. Because the
account mirrors standard semantics textbook specifications very closely and the
amount of code that must be trusted is only a few hundred lines, it is relatively
easy to believe in its correctness. The mechanisms for extensions and composi-
tionality provided by the logical framework generalized naturally to the compiler
design.

On the compiler structure side, there are many open avenues to explore. We
plan to investigate bounded polymorphism, which we will use for object systems
and extensible tuples. The current core language already provides preliminary,
but incomplete support. We also plan to develop a representation of mutually
recursive functions, which will require extending the support provided by the
logical framework.

One apparent challenge of our approach is that all program transformations
must be constructed from a fixed number of rewrite rules that each describe
a pattern over a fixed number of program points. In other words, global pro-
gram transformations must be composed of a sequence of local transformations,
and it is not always obvious how to do this. In addition, global transformations
may require knowledge of the entire program syntax, which can be at odds with
compositionality. In our experience, however, we have found this problem to be
much easier to solve than we originally expected; all of the transformations we
have implemented so far have been easy to break into appropriately localized
pieces. On the other hand, we have not yet tried formalizing optimization tech-
niques that are normally implemented using global program analysis, such as
global code motion; the problem of breaking these types of transformations into
localized rewrites could be harder.

For the most part, our work concentrated on implementing the compiler
without modifying the existing logical framework. However in the future we
are likely to try adding some additional features to the framework to facilitate
compiler implementation. There are two main limitations that we are planning to
address—recursive variable-arity binding structure and context-aware rewriting.
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5.1 Recursive Binding Structure

Recursive functions are a very basic feature of ML-like languages. In general,
recursive functions have the following form.

let rec fi x1 ... 2k, = €1
and fo 1 ... T, = €2
and fp, z1 ... 2k, = €y
in e

There are two difficulties associated with the above—first, the functions have
variable arity, and second, the functions are mutually recursive and each of the
e; may have free occurrences of each of the f;.

As we describe in Section (3, variable arity functions could be implemented
by using a sequent representation. Mutual recursion is more challenging. One
approach would be to pack the mutually recursive functions into a record and
then define the record recursively [10]. Defining a single variable recursively
is easy, but in this approach function variables turn into explicit record field
names and are no longer mapped to normal variables. As a result, most of the
advantages provided by HOAS are lost and the labels have to be managed (and
alpha-renamed) explicitly.

A proper HOAS solution would be to introduce a new kind of sequent to the
logical framework—a recursive sequent of the form

r1:iti=eq; ... xptp =€, F e

where each x; is bound in all the subsequent ¢; (j > 4), in all of the e, (1 <k <
n), and in e. The traditional sequent mechanism can be subsumed by recursive
sequents by making the e; optional.

5.2 Context-Aware and Conditional Rewriting
Consider the following trivial optimization rewrite:
letv:t=einv «[let_opt] — e

Depending on the exact semantics used, this rewrite could be considered
invalid since it potentially allows turning mistyped expressions into well-typed
ones and vice-versa (remember that rewrites are bidirectional). In this simple
example, the rewrite can be fixed relatively easily by adding an explicit type
constraint to the contractum as follows.

letv:t=einv «[letopt] —e:t

However, we would generally like to be able to express rewrites that are only
conditionally applicable. In particular, we would like to specify conditions of
the forms “applicable in a context that expects the redex to have type t” and
“applicable when subterm e is well-typed.” While the MetaPRL! system does pro-
vide support for conditional rewriting, not all conditions that are natural in the
compiler implementation domain are easily expressible in MetaPRL.
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6 Related Work

FreshML [17] adds to the ML language support for straightforward encoding of
variable bindings and alpha-equivalence classes. Our approach differs in several
important ways. Substitution and testing for free occurrences of variables are
explicit operations in FreshML, while IMetaPRL provides a convenient implicit
syntax for these operations. Binding names in FreshML are inaccessible, while
only the formal parts of MetaPRL are prohibited from accessing the names. Infor-
mal portions—such as code to print debugging messages to the compiler writer,
or warning and error messages to the compiler user—can access the binding
names, which aids development and debugging. FreshML is primarily an effort
to add automation; it does not address the issue of validation directly.

Liang [13] implemented a compiler for a simple imperative language using a
higher-order abstract syntax implementation in AProlog. Liang’s approach in-
cludes several of the phases we describe here, including parsing, CPS conversion,
and code generation using a instruction set defined using higher-abstract syntax
(although in Liang’s case, registers are referred to indirectly through a meta-level
store, and we represent registers directly as variables). Liang does not address
the issue of validation in this work, and the primary role of AProlog is to sim-
plify the compiler implementation. In contrast to our approach, in Liang’s work
the entire compiler was implemented in AProlog, even the parts of the compiler
where implementation in a more traditional language might have been more
convenient (such as register allocation code).

Hannan and Pfenning [6] constructed a verified compiler in LF (as realized in
the Elf programming language) for the untyped lambda calculus and a variant
of the CAM [2] runtime. This work formalizes both compiler transformation
and verifications as deductive systems, and verification is against an operational
semantics.

Previous work has also focused on augmenting compilers with formal tools.
Instead of trying to split the compiler into a formal part and a heuristic part,
one can attempt to treat the whole compiler as a heuristic adding some external
code that would watch over what the compiler is doing and try to establish
the equivalence of the intermediate and final results. For example, the work
of Necula and Lee [14/15] has led to effective mechanisms for certifying the
output of compilers (e.g., with respect to type and memory-access safety), and for
verifying that intermediate transformations on the code preserve its semantics.
Pnueli, Siegel, and Singerman [I8] perform verification in a similar way, not by
validating the compiler, but by validating the result of a transformation using
simulation-based reasoning.

Semantics-directed compilation [12] is aimed at allowing language designers
to generate compilers from high-level semantic specifications. Although it has
some overlap with our work, it does not address the issue of trust in the compiler.
No proof is generated to accompany the compiler, and the compiler generator
must be trusted if the generated compiler is to be trusted.

Boyle, Resler, and Winter [1], outline an approach to building trusted compil-
ers that is similar to our own. Like us, they propose using rewrites to transform
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code during compilation. Winter develops this further in the HATS system [20]
with a special-purpose transformation grammar. An advantage of this approach
is that the transformation language can be tailored for the compilation process.
However, this significantly restricts the generality of the approach, and limits
re-use of existing methods and tools.
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