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ABSTRACT
The goal of the TIL project was to explore the use of Typed
Intermediate Languages to produce high-performance native
code from Standard ML (SML). We believed that existing
SML compilers were doing a good job of conventional functional language optimizations, as one might find in a LISP
compiler, but that inadequate use was made of the rich type
information present in the source language. Our goal was
to show that we could get much greater performance by
propagating type information through to the back end of
the compiler, without sacrificing the advantages afforded by
loop-oriented and other optimizations.
We also confirmed that using typed intermediate languages
dramatically improved the reliability and maintainability of
the compiler itself. In particular, we were able to use the
type system to express critical invariants, and enforce those
invariants through type checking. In this respect, TIL introduced and popularized the notion of a certifying compiler,
which attaches a checkable certificate of safety to its generated code. In turn, this led directly to the idea of certified
object code, inspiring the development of Proof-Carrying
Code and Typed Assembly Language as certified object code
formats.

1.

USING TYPES IN COMPILATION

The Fox Project [3] was started by researchers at Carnegie
Mellon to investigate the application of advanced programming languages in critical systems software. We felt that
Higher-Order, strongly Typed (HOT) languages, such as
Standard ML [10], could provide the reliability, security,
and maintainability desperately lacking in existing systems.
However, the performance of code generated by existing
SML compilers was not sufficient to meet our needs.
The smooth integration of type inference, polymorphism,
algebraic datatypes, and modules, as well as its formal foundations is what set SML apart from other languages. But
ironically, a traditional ML compiler (circa 1990) such as as
Standard ML of New Jersey (SML/NJ) [1], failed to exploit
this sophisticated type system. Once a program had been
checked for type safety, the types were simply thrown away,
and code was mapped down to a uni-typed lambda-calculus
representation, much as one would use for a Scheme or LISP
compiler (minus the run-time type tests.) This just seemed
20 Years of the ACM/SIGPLAN Conference on Programming Language
Design and Implementation (1979-1999): A Selection, 2003.
Copyright 2003 ACM 1-58113-623-4 ...$5.00.

wrong!
A key reason why types went unutilized was type abstraction. Consider a polymorphic function to sort arrays
val sort: (’a * ’a -> bool) -> ’a array -> ’a array
which abstracts the type (’a) of the elements of the array.
How would a compiler generate code for sort when there is
no one size, alignment, or calling convention for ’a values?
An easy solution, and the solution used by most ML compilers of the time, is to force all values into a uniform representation: a machine word. If an object is too large to fit
into a word, then it is “boxed” by placing it in memory and
using a pointer in its place. Unfortunately, the overheads of
using a boxed representation are considerable.
Previous research, notably the coercion work of Leroy [8]
which was also implemented in SML/NJ [23], had tried to
avoid these overheads. However, Leroy’s technique did not
apply to recursive or imperative data structures (i.e., lists,
trees, and arrays). In a paper presented the previous year,
Harper and Morrisett suggested a new approach to compiling polymorphic languages based on intensional polymorphism [6]. The idea was to to compile monomorphic code
the same way you would in Pascal. For polymorphic code,
you would pass in a run-time representation of the unknown
types. The code could then look at this run-time type information to determine the information it needed, such as size,
alignment, or calling convention. Intensional polymorphism
also made it possible to support tag-free, accurate garbage
collection and polymorphic equality. Thus, intensional polymorphism seemed to be a promising approach for avoiding
boxes and tags.
A large part of the focus of TIL was providing support
for intensional polymorphism. To do so required that type
information be propagated to the back end of the compiler
so that types are available for analysis by polymorphic code.
This required the development of type-preserving compilation techniques that translate both the code and its type
in such a way that the typing relation is preserved. Work
in this direction was initiated by Harper and Lillibridge [4,
5], and continued with the development of typed closure
conversion [11, 16], and type-based approaches to garbage
collection [14, 15]. Much of Morrisett’s dissertation [13] is
devoted to developing these ideas.
Apart from supporting intensional type analysis, typepreserving translations make it possible for the compiler to
check its own integrity by type checking the results of each
major compilation phase. This greatly facilitates team development and long-term maintenance of the compiler by

catching many errors at a very early stage. Moreover, these
ideas led naturally to the idea of a certifying compiler, which
augments its object code with a formal representation of its
type safety. This innovation is perhaps the most significant
lasting contribution of the TIL compiler.

2.

INTERACTION WITH OPTIMIZATION

Of course, using type-based methods was not without its
risks. While intensional polymorphism could potentially
eliminate the overheads of boxing and tagging from monomorphic code, it would also slow down polymorphic code. Furthermore, without a full suite of conventional functional language optimizations, it would be difficult to show convincing speedups even for the monomorphic code. Finally, the
requirement to maintain accurate type information throughout compilation raised the question of whether doing so
would interfere with the optimizations needed to achieve
good performance.
Fortunately, we were able to implement a comprehensive
suite of optimizations in a type-preserving fashion. Indeed,
TIL went well beyond the state of the art for functional compilers. Function arguments were unboxed; loop-invariant
computations were hoisted; array bounds checks were eliminated; closures were avoided through inlining and uncurrying; and of course, polymorphic code was specialized at
call-sites to avoid the overheads of run-time type dispatch.
The optimizations were extremely effective, at least for
the small benchmarks we used in evaluation. Indeed, they
were perhaps too effective in the sense that they naturally
eliminated all of the polymorphism in the programs, through
aggressive inlining and specialization. We should have used
larger, more realistic benchmarks but we had not yet implemented the SML module system, and most large programs
made extensive use of modules. Furthermore, we performed
whole program optimization, which does not scale well to
large programs. And perhaps the biggest problem was that
our compiler took an inordinate amount of time to optimize
the code. In the end, there wasn’t clear evidence that intensional polymorphism was what lead to the performance improvements compared to this whole-program optimizer [24,
9]
Nonetheless, the TIL compiler showed that, if we were
willing to be aggressive in the elimination of polymorphism
and other optimizations, we could achieve spectacular speedups,
while maintaining accurate type information through to the
back end.

3.

THE INFLUENCE OF TIL

Later SML compiler efforts, including Flint [22], MLton [12],
TILT [21], and Church [2] took the TIL results much further.
For example, Flint used a clever combination of Leroy-style
coercions and intensional polymorphism to get the best of
each approach, and to scale the ideas to the full SML language. The MLton compiler simply eliminated all polymorphism through a whole-program transformation, resulting
in a very straightforward, but high-performance compiler.
The Church project used an alternative to intensional polymorphism (namely finite intersection and union types) and
focused on flow analyses. And the TILT project has focused
on a clean, type-preserving methodology for the SML module system.
At the same time TIL was being developed, Java was

starting to gain momentum, and we believe it is fair to say
that the TIL had some influence on the various proposals for
adding generics to Java (c.f. [18, 20]), as well as the current
implementation of C# generics [7].
Though performance was the initial focus, it soon became clear that the lasting idea was that we should be using strongly-typed intermediate languages in our compilers.
When developing the compiler, we quickly found that the
ability to type-check the intermediate code after a transformation was extremely effective for finding bugs. That is,
more often than not, an incorrect optimization would manifest itself as typing error in the output.
Making the connection with security and assurance as suggested by the Java Virtual Machine, it soon became clear
that if we could type-check the output of the compiler, as
well as the intermediate stages, then an untrusted consumer
could verify key safety properties of native machine code.
Thus, TIL led directly to the development of Proof-Carrying
Code [19] and Typed Assembly Language [17].
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