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Table XII. Equality Type

I'bvo:U; I'vM:o0 T'oN:o
IT'eM=,N:U,

I'sM=N:go
F'sref(M,N): M =, N

'sP: M=, N
T'eM=N:o

IT'vo=0¢":U, ToM=M:0 I'sN=N:0o
' M=, N=M =, N :U;

e M=M:0 e N=N":0
Lo ref(M,N)=refiA(M'N'): M =, N

a proper account of ML notion of generative structure equality to be an
important direction for future work.

10. CONCLUSION AND DIRECTIONS FOR FURTHER INVESTIGATION

We have given a precise description of the type system for much of ML, using
a function calculus called XML. Our analysis is based on the belief that ML is
profitably viewed as an explicitly-typed, predicative language with dependent
product and sum types. Explicit typing is central to giving a single account of
both the core expression language and the module system, and seems useful
for further study. In particular, in papers of Moggi [48] and Harper et al. [21],
which were written after the work described here was completed, XML is
used to study the separation between compile-time and run-time in Standard
ML. The distinction between U; and U, in XML reflects the typing rules of
ML and leads to a number of significant technical simplifications in the study
of the language. Moreover, universe distinctions seem essential to the charac-
ter of ML, as discussed in Section 8.

Some important aspects of ML have been omitted. With regard to the core
language, we have omitted treatment of recursion, references and exceptions.
These language features raise important theoretical questions. We hope that
an explicitly-typed study of polymorphic references would clarify the relation-
ship between polymorphism and type inference, a continuing trouble spot in
the ML type checker. With regard to the modules system, we have omitted
treatment of the coercive aspects of signature matching, and of sharing
specifications in signatures. It seems likely that the coercions associated with
signature ascription may be accounted for in this framework by giving a
precise account of compile-time elaboration as a process of translation from
the ML concrete syntax into the abstract syntax of the XML calculus. Such a
formalization would provide an interesting alternative to the methods used in
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the definition of ML [40]. Sharing specifications, and the associated notion of
“structure generativity,” remain important topics for further research.

Another important direction is to develop an accurate, straightforward
presentation of ML operational semantics. As with other versions of lambda
calculus, equality in XML is given by an equational axiom system. This
equational system may also be formulated as a set of reduction rules, as
usual. However, for the extension of XML obtained by adding exceptions,
references and recursion, capturing the operational semantics of ML relies on
careful consideration of the order in which rewrite rules are applied. (For
example, if Q is a divergent expression, then (Ax.0)Q diverges in the current
call-by-value implementation, but (Ax.0)Q = 0 is provable using the usual
A-calculus style reasoning.) It would be interesting to explore a typed calculus
that is faithful to the operational semantics, following the pattern established
by Plotkin’s A, -calculus [51] and Martin-Lof’s type theory [32]. Some useful
related ideas are developed in Moggi [49].
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