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Abstract. Proof erasure plays an essential role in the paradigm of pro-
gramming with theorem proving. In this paper, we introduce a form of
attributive types that carry an attribute to determine whether expres-
sions assigned such types are eligible for erasure before run-time. We
formalize a type system to support this form of attributive types and
then establish its soundness. In addition, we outline an extension of the
developed type system with dependent types and present some examples
to illustrate its use in practice.

1 Introduction

In DML [Xi07,XP99], a restricted form of dependent types are introduced to
allow for specification and inference of significantly more accurate type infor-
mation (when compared to the types in ML) and thus further facilitate ef-
fective program error detection and compiler optimization through types. In
contrast to the standard full dependent types (as in Martin-Lof’s constructive
theory [Mar84,NPS90]), types in DML can only depend on indexes drawn from
a chosen index language, and type-checking a sufficiently annotated program
in DML can be reduced to solving constraints from the chosen index language.
This design makes it particularly straightforward to support common realistic
programming features such as general recursion and effects (e.g., exceptions and
references) in the presence of dependent types.

In order to solve constraints in an algorithmically effective manner, certain
restrictions need to be imposed on indexes. For instance, constraints on integer
indexes in DML are required to be linear,! and a constraint solver based on the
Fourier-Motzkin variable elimination method [DE73] is then employed to solve
such constraints. While this is indeed a simple design, it is inherently ad hoc and
cannot handle a situation where nonlinear constraints (e.g., Vn : int. nxn > 0)
are involved. Let us now see a simple example that clarifies this point.

Let list be a type constructor that takes a type 7" and an integer I to form
a type list(T, I) for lists of length I in which each element is of type T'. The two
list constructors associated with list are assigned the following types:

nil :  Va. list(q,0)
cons : Va¥i.1>0D (ax*list(a,t) — list(a,c+ 1))

* This work is partially supported by NSF grants no. CCR-0229480 and no. CCF-
0702665.

! More precisely, it is required that constraints on integer indexes in DML be converted
into linear integer programming problems.



which indicate that nil forms a list of length 0 and cons takes an element and a
list of length I to form a list of length I+ 1. We use o and ¢ for bound variables
ranging over types and integers, respectively. Now assume that the function @
(infix) for appending two lists is given the following type:

VaViy Vg, list(a, 1) * list(a, 1) — list(a, 1 + ta)

In other words, appending two lists of length I; and I yields a list of length
I, + I,. Naturally, the function that concatenates a list of length I; in which
each element is a list of length I, is expected to have the following type:

Va.Vip Vig. list(list(a, 12),t1) — list(a, ¢1 * 12)

Unfortunately, this type is not allowed in DML as accepting nonlinear terms like
11 * L3 as type indexes would readily make constraint solving undecidable (or
worse, intractable).

dataprop MUL (int, int, int) = // a prop for encoding multiplication
| {n:int} MULbas (0, n, 0)
| {m, n, p:int | m >= 0} MULind (m+1, n, p+n) of MUL (m, n, p)
| {m, n, p:int | m > 0} MULneg ("m, n, “p) of MUL (m, n, p)

Fig. 1. A dataprop for encoding multiplication on integers

To address this limitation, a fundamentally different design is adopted in ATS
(which supersedes DML) to accommodate a paradigm that combines program-
ming with theorem proving [CX05]. With this design, the programmer is given
a means to handle nonlinear constraints by constructing explicit proofs attest-
ing to the validity of such constraints (while linear constraints are still handled
by an automatic constraint solver). In Figure 1, we declare a prop (i.e., type
for proofs) constructor MUL, where the concrete syntax indicates that there
are three (proof) value constructors associated with MUL, which are given the
following constant props (or c-props for short):

MULbas : V.. MUL(0,,0)
MULind : Vi1.¥iaVig. 11 > 0D (MUL(eq,t2,t3) = MUL(t1 + 1, t2,t3 + t2))
MULneg : Vi1.Via.Viz. t1 > 0D (MUL(eq,t9,t3) = MUL(—t1,t2, —t3))

Given integers Iy, Is, I3, I1 * Iy = I3 holds if and only if MUL(I;, I5, I3) can be
assigned to a closed (proof) value. In essence, MULbas, MULind and MULneg

correspond to the following three equations in an inductive definition of the
multiplication function on integers:

0xn=0;(m+1)sn=mxn+n ifm>=0;(—m)«xn=—(m=xn) if m>0.

In Figure 2, a function concat of the following type for concatenating a list of



// (...) is used to form tuples; e.g., () is the empty tuple
// | is used like a comma, which separates proofs from values
// {...} means universal quantification
// [...] means existential quantification
fun concatl {a:type} {m, n:int | m >= 0; n >= 0}
(xxs: list (list (a, n), m))
[p:int | p >=0 1 (MUL (m, n, p) | list (a, p)) =
case+ xxs of
| nil OO => (MULbas | nil )
| cons (xs, xss) =>
let val (pf | res) = concatl xss in
(MULind pf | xs @ res)
end

Fig. 2. An implementation of the list concatenation function in ATS

lists is implemented:

Va.Vi1.Via. (11 > 0A 1 >0) D
(list(list(a, t2),t1) — . MUL(¢q, t9,¢) * list(a, )

When applied to a list of length I; in which each element is a list of length I,
this function returns a pair (pf, v), where v is a list of length I and pf (of the prop
MUL(I4, I, 1)) is what we call a proof (in contrast to a program), which pro-
vides a witness to I = I * I5. Please find many more programming examples as
such written in ATS [Xi], a language with a highly expressive type system rooted
in the framework Applied Type System (AZS) [Xi04]. Proofs can often be large
and expensive to construct and should be erased before run-time. Note that we
extract nothing from proofs. This style of programing, which we call programming
with theorem proving, is rather different from the paradigm of program extraction
(from proofs) as is supported in NuPrl [C*86] or Coq [PM89,DFH'93,BC04]).
For instance, a function like concat can be effectful (though it is not) and need
not to be terminating (though it is). To support the construction of programs
involving effects (e.g., nontermination, exceptions and references, nondetermin-
ism) is probably one of the most crucial issues in the design of ATS.

In order to guarantee that proofs in a program can be erased without altering
the dynamic semantics of the program, a design is adopted in ATS that com-
pletely separates proofs from programs. Generally speaking, props (i.e., types for
proofs) are introduced that can only be assigned to proofs, which are verified to
be total (i.e., pure and terminating) in the type system of ATS, and programs,
even if they are total, are disallowed in the construction of proofs. In short, pro-
grams may contain proofs but proofs cannot contain programs. While this design
is conceptually simple, it leads to a rather duplicated presentation of various rules
(e.g., typing rules and evaluation rules) for proofs and programs [CX05]. More
seriously, it also complicates certain cases of proof construction that can be made
significantly simpler if total programs are allowed to occur inside proofs. We will
present an example in Section 4 to clarify this point.



In this paper, we follow the design of program extraction in Coq, where proofs
can occur in programs and vice versa. The primary contribution of this paper lies
in a novel design for unifying proofs and programs in an effectful programming
language (in contrast to a theorem proving system like Coq). The developed
formalism for supporting this design is already employed in ATS/Geizella, the
current implementation of ATS [Xi]. However, for brevity, we can only present
the essential idea behind this design in a simply typed setting and then outline
an extension that accommodates dependent types as well as polymorphic types.
We organize the rest of the paper as follows. In Section 2, we present a language
Ly based on the simply typed lambda-calculus. A form of attribute types are
supported in Ly to determine whether expressions assigned such types can be
erased at compile-time without affecting the dynamic semantics of a program. We
then outline an extension of Ly to ﬁ\g,a in Section 3 to support both dependent
types and polymorphic types. In Section 4, we give a short but realistic example
to illustrate a need for unifying proofs with programs. Lastly, we mention some
closely related work and conclude.

erasure bits b:=0]1

effect bits tx=0]1

types Tu=0|1|n*n|n—~n

a-types 7 o= (1)°

a-typecores Tu=0|1|%, x%, |7, 1,

expr. ex=ux| f]|cle)]|if(eo,er,e2) | () | {e1,e2) | fst(e) | snd(e) |
lam z. e | fix f. e | app(e1, e2)

a-expr. &= (e)®

a-expr. cores € = | f | o(@) | if(eg,e1,8,) | () | (&1,8,) | f5t(@) | snd(@) |
lamz. ¢ | fix f. ¢ | app(&;,&,)

values va=a | ce(w) | ()| (vi,v2) | lamzx. e

a-values b= (v)b

arvalue cores v sim x| cc(d) | ) | (B, ,) | lam . &

contexts ra=0|Iaf: %

substitutions 0 =[] | Olxz — 2] | O[f — €]

Fig. 3. The syntax for Lo

2 Formal Development

We present a language Ly based on the simply typed lambda-calculus to formally
introduce a form of attributive types. The syntax for Ly is given in Figure 3.
We use both b (erasure bits) and ¢ (effect bits) to range over 0 and 1. Given two
(erasure) bits by and ba, by ® bs is a bit, which equals 1 if and only if b3 = by = 1.
Given two (effect) bits ¢1 and to, t1 @ to is a bit, which equals 0 if and only if
t1 =ty = 0. So, ® and @ correspond to boolean product and sum, respectively.



We use §, 7, 7 and 7 for base types (e.g., bool for booleans and int for
integers), types, a-type (i.e., attributive type) cores and a-types, respectively.
Similarly, we use e, e and é for expressions, a-expression cores, a—expressions,
respectively. Given 7 = (1), we write bit(7) for b, core(f) for 7, and (%)% for
(7)b®b. Similarly, glven & = (e)?, we write bit(e) for b, core(&) for e, and (&)
for (€)’®%. So both (#)* and (&)° are just syntactic sugar. It will soon become
clear that an a-type 7 can only be assigned to an a-expression é such that
bit(1) = bit(e), and bit(é) = 0 means that é can be erased from any program
containing ¢ without altering the dynamic semantics of the program. We say
that & is erasable if bit(e) = 0.

Clearly, an a-expression cannot be erased if its evaluation may generate effects
at run-time. To address this issue, we design a type system based on the notion
of types with effects [JG91] to track whether evaluating an a-expression may
generate effects. Given an a-type core 7 = 7; — 7,, a call to a function of a-
type (7)° may generate effects only ift = 1. Note that nonterminating evaluation
is the sole kind of effect in Ly, but more can be easily added when L is extended.
For instance, in ATS, we also track effects caused by raising exceptions, accessing
references, aborting program execution (abnormally), etc.

We use z for a lam-variable and f for a fix-variable, and zf for either an
x or f. We use ¢ for a constant, which is either a constant constructor cc or a
constant function c¢f. The a~expressions in Figure 3 are standard except for the
erasure bits they carry.

We now assign a dynamic semantics to L£y. The evaluation contexts in Ly
are defined as follows.

eval. ctx. B = | | (B)° | (e(E )’ | GE(E, 1,8,))" | ((E,))" | (0, E))° |
(fst(E))" | (snd(E))" | (app(E,2))" | (app(2, E))°

The redexes in Ly and their reducts are defined below.
Definition 1. (Redexes) We define redexes and their reducts as follows.

— ((v)")?2 is a redex, and its reduct is (v)*1®P2.
(if((true) gl,gz))b is redex, and its reduct is (&,)°.
if((false)®, &, 8,)) is redex, and its reduct is (&,)°.

1, €2 2

— (app((lam z. &), 0))® is a redex, and its reduct is (&[x — 2])°.
(
(

fst(((D1,05))%))? is a redex, and its reduct is (01)°.

snd(((D,,9,))%))? is a redex, and its reduct is (i,)°.

— (fix f. &)° is a redex and its reduct is &[f — (fix f. &)°].

Given &, and é,, we write &, — &, to mean that &, reduces to é,, that is,
é, = E[¢] and &, = E[¢/] for some redex & and its reduct ¢’. We may also use —
for the single step call-by-value evaluation on expressions, which is completely
standard. As usual, we use < for the transitive closure of <, and —* for the
transitive and reflexive closure of —.

We use I' Ft & : 7 for a typing judgment in Ly that assigns the a-type
to the a—expressmn €, where the bit ¢ is used to indicate whether evaluating é
may generate any effects. The static semantics for Ly is given by the typing

[ D>



T =7 b= bit(s) rah =2 bit
3 (ty-lam-var) -

re(x):# re(pHt:+

Feid, 407, I'He: 7, to®t<b

IR (@)

~—

1
(ty-fix-var)

(ty-const)

TFo g :(bool)’® TI'Fre :7 DH2¢,:7 to@t Dla <b=bit(F) @ bo

PSRN N (ty-if)
[ pto®n®t: (1f(§0,§1,§2))b : (I)bo
Prire 4, I'F?2¢,:7, t1@t2<b
b b (ty_tup)
I ER®2 ((8,8))" : (T4, 7))
T e (7, %7,)%° t<b=bit(+;) ®b
e: (1, *1,) sb=b E) Db o pety
I (fst(e)” : (7)™
T e (7, %7,)% ¢ <b=bit(f,) ® bo
2 . (ty-snd)
' (snd(e))”: (7,)™
Ix:7,Fe: 7 If:7Feée: 7 t<b=bit(f
F LR (yam) SRS LZRE ) (i
't (lamz. 8)°: (7, — 1) r+t(fixf.e’: 7
It & (%, _’th)bO rH2 &7, t@®ta®t <b=bil(7,) ®bo
(ty-app)

I H®ot (app@péz))b : (iz)bo
re'e:z

W (ty-erase)

Fig. 4. The typing rules for Lo

rules in Figure 4, for some of which we provide brief explanation as follows. The
rule (ty-fix-var) indicates that a fix-variable is considered effectful; in the rule
(ty-const), we write - ¢ : 7; —° 7, to mean that c is assigned the a-type
core 7, —° 7,, for instance, by some kind of signature; the rule (ty-erase)
essentially means that an a-expression é can be erased if the evaluation of &
is guaranteed to be free of effects; from the rule (ty-if), it is clear that an
if-expression must be erasable if its condition is erasable; the rule (ty-app)
indicates that an application is erasable if the function in the application is.

Proposition 1. If I' Ft ¢ : 7 is derivable, then t = 0.
Proof. By an inspection of the typing rules in Figure 4.
Proposition 2. If I'Ht & : 7 is derivable, then t < bit(e) = bit(7).

Proof. Note that bit((#)®) = bit(7) ® b holds for any a-type 7 and bit b. This
proposition follows from an inspection of the rules in Figure 4.

Lemma 1. (Canonical Forms) Assume that O F° (v)? : (1) is derivable.



1. If T = § for some base type 0, then v is of the form cc(d,) for some con-
structor cc associated with &, that is, cc is given an a-type core of the form
To — 6 for some 1.

2. If T =7, x 1o, then v is of the form (0y,0,).

3. If T =1, — 15, then v is of the form lam . é.

Proof. By an inspection of the typing rules in Figure 4.
Lemma 2. (Substitution) We have the following.

1. Assume that both I' V0 © : 7, and I'yw : 7, F' & : 7, are derivable. Then
' e[z 0] : 74 is also derivable.

2. Assume that both I' =" &, : 7, and I, f : 7, F'2 &5 : 75 are derivable. Then
I 2y[f > )] : 75 is derivable for some th < ts.

Proof. By structural induction on the derivations of Iz : 7; F' & : 7, and
I, f:7,F2¢&,:1,, respectively.

Theorem 1. (Subject Reduction) Assume that O = &, : 7 is derivable and
&, < &y holds. Then 0 "2 &, : 7 is derivable for some ty < t;.

Proof. By structural induction on the derivation D of () Ht* ¢, : 7. Lemma 2 is
needed when handling the case where the last applied rule in D is (ty-app) or
(ty-fix).

Theorem 2. (Progress) Assume that ) F' &, : T is derivable. Then either &, is
an a-value or &, — &4 for some a-expression &,.

Proof. The theorem follows from structural induction on the derivation D of
Ort e, : 7.

With Theorem 1 and Theorem 2, it is clear that for each well-typed a-expression
&, that is, @ - & : 7 is derivable for some 7, the evaluation of ¢ either leads to
an a-value or it continues forever. So the type soundness of L is established. Of
course, we can also prove the type soundness of £y by simply ignoring erasure
bits. However, we need Theorem 1 and Theorem 2 to prove Theorem 5, a main
result in the paper that justifies proof erasure.

Definition 2. (Reducibility) Given an a-expression & and an a-type + = ()%,
we say that & is reducible of T if €], that is, there is no infinite reduction sequence
from €&, and

1. 7 =0 for some base type §; or

2. T = 7, % Ty for some 7, and T, and for any v, and Dy, & —* ((D1,0,))°
implies that ©; and 0y are reducible of 7, and T4, respectively; or

3. 7 =1, Y %, for some 1, and 7, and for any &y, ¢ —* (lam z. éo)b implies
that &q[x — 0] is reducible of 7o for every v reducible of a-type 7,; or

4. T=14 —t T4 for some T, and 7,.



Given a substitution 6 and a context I' of the same domain, we say that 0 is
reducible of I' if 0(zf) is reducible of I'(zf) for every zf € dom(#) = dom(I").

It should be stressed that é being reducible of 7 does not imply that 7 can be
assigned to é. For instance, according to the definition, every value (including
function value) is reducible of (§)% for every base type d. Also, it is clear that
erasure bits play no role in the definition of reducibility. More precisely, if ¢ is
reducible of (7)° for some b, then it is reducible of (7)° for any b.

Proposition 3. We have the following.

If &, is reducible of T and &, — &,, then &, is also reducible of T.

If e is reducible of T whenever &, — & holds, then &, is reducible of T.

If & is reducible of 7, then (&)° is reducible of (7)°.

If &, and &, are reducible of 7, and 7, respectively, then ((&;,85))" is re-

ducible of (T, * 75)°.

If & is reducible of (T, *75)%, then for b= bit(7,) @by, (fst(&))® is reducible

of (21)%.

6. If & is reducible of (T, x74)%, then for b = bit(7,) @by, (snd(&))® is reducible
of (7).

7. If &, and &, are reducible of (£; —° 75)% and 7,, respectively, then for

b= bit(7,) @ by, (app(&;,8&,))° is reducible of (75)%.

e de

&

Proof. Both (1) and (2) follow from the definition of reducibility immediately.
As for (3), it follows by structural induction on 7.

We now prove (4). Clearly, both &; | and &,] hold. So ({¢;,&,))"| holds as
well. Suppose ((&;,85))" —* ({04, 05))". Then & —* 9; and & —* 0,. By (1),
?, and 0, are reducible of 7; and 7,, respectively. By definition, & is reducible
of (7 *75)".

We leave out the routine proofs for (5), (6) and (7).

Lemma 3. Assume that I' F° & : 7 is derivable and 0 is reducible of I'. Then
é[0] is reducible of 7.

Proof. We proceed by structural induction on the derivation D of ' F9 & : 7.
— Assume that D is of the following form:
Dy ::Fl—oélzjl Dg::F}—OQQ:f2 000 <L

b (ty-tup)
TF0 (&1, 80))" : ({F1,74))° ymhup

where ¢ = ({¢;,&,))’. By induction hypothesis on D; and D, we know
that &,[0] and &,[0] are reducible of 7; and 7,, respectively. Hence, &[] =
((116], &5[0]))° is reducible of (7, * 75)® by Proposition 3 (4).

— Assume that D is of the following form:

e (5, F1)0 II'Pey:7; 00080<b=bit(f,) @by
reo (app(él,QQ))b : (f2)b0

(ty-app)



©°1=0 I =lel lafi=af le(@)] = c(le]
(g, 2, 2)| = if((2o] &, ], 1e2]) 101 = 0
(1 en)l = (e, &) I£st(@)] = fst(le])  [snd(2)| = snd(|e])
lamaz.e| = lama. || [fixf.el = fix f. || |app(e,.2,) = app([2,. |2,])

Fig. 5. The erasure function on a-expression cores and a-expressions

where &¢ = (app(é;,&,))? and £ = (,)%. Then by induction hypothesis,
&,10] and &,[f] are reducible of (#; — 7,)% and 7,, respectively. By Propo-
sition 3 (7), é[f] is reducible of 7.

The rest of cases can be handled similarly (by applying Proposition 3).
Theorem 3. (Totality) Assume that ) -0 & : 7 is derivable. Then &| holds.

Proof. By Lemma 3, ¢ is reducible of 7. By the definition of reducibility, & |
holds.

When L is extended with dependent types, it becomes a great deal more in-
volved to prove a corresponding version of Theorem 3. The technique for doing
so is developed in [Xi02].

A function || is defined in Figure 5 that erases a-expressions into expressions.
Note that the erasure of an a-expression ¢ is () if bit(é) = 0. As is desired, erasure
commutes with substitution.

Proposition 4. We have |&;[zf — &,]| = |&;|[zf — |&,]] for any a-expressions
e, and éy.
Proof. This follows from the definition of the erasure function |- | immediately.

The soundness of erasure is stated and proven as follows.

Theorem 4. (Soundness of Erasure) Assume that O Ft & : 7 is derivable. If
& &, then |g| =1 |&/|, that is, |&| = || or |&| — |&/].

Proof. We proceed by structural induction on the derivation D of ) - & : 7.

— The derivation D is of the following form:

Prto g, : (bool)®o Qri1e 17 BH2e,:7 to®ty Bta <b=bit(?) ®bg

0 oStz (if(ey, e,,8,))0 : ()00

(ty-if)

where & = (if(&y, &;,&,))?. We have three subcases.
e &, — & for some ¢, and ¢ = (if@g,él,g))b. If b = 0, we are done
since |&| = |¢/| = (). If b = 1, then |¢] <! |&/| holds since we have
|&o| —%/1 |&p] by induction hypothesis.



o &, = (true)®o. Then &' = (&,)°. If b = 0, then we are done since [¢| =
|&'| = (). If b= 1, then by must equal 1 and thus || = if(true, |&,], |&5]),
which implies |&] < |&;| = [&|.

e &, = (false). This case is similar to the previous one.

The rest of the cases can be handled similarly.

The following theorem implies that if the erasure of a well-typed a-expression
¢ in Ly evaluates to a value v, then é evaluates to an a-value whose erasure is v.

Theorem 5. (Completeness of Erasure) Assume that () ' & : 7 is derivable.

1. If |&| is a value, then & —* ¥ for some a-value such that |0| = |&|.
2. If |&| < €/, then & —* & for some & such that |&| = ¢’.

Proof. We first prove (1) by analyzing the structure of é.

— bit(e) = 0. Then |&] = (). By Proposition 2, ¢ = 0, and by Theorem 3, &|
holds. So by Theorem 1 and Theorem 2, we have é —* v for some a-value ¥
of a-type 7. Clearly, [0 = () as bit(d) < bit(é) = 0.

— bit(¢) = 1. We present an interesting case where & = ((&;,2,))*. Since |¢| =
(|é1], |&2]) is a value, both |&;] and |é,5| are values. By induction hypothesis,
&, —* 0, and é, —* D, for some a-values ¥; and ¥, such that |0,] = |&|
and |0,| = |&5]. Let © = (0,,0,), and we have &¢ —* © and |0| = |&|. All other
cases can be handled similarly.

We now prove (2) by structural induction on the derivation D of ) Ft &, : 7.
— The derivation D is of the following form:
PHtie, 7, OH2e,:7, t1@ta<b
0 -1 ®t2 (<§17é2>)b : (<ilvi2>)b

(ty-tup)

where & = ((&;,&,))°. Clearly, b = 1 since |&| cannot be (). There are two

subcases.
e |¢,| is a value. Then by (1), there exists ¥, such that é; —* 9, and
|01| = |&;]- Clearly, || < (|&,], ¢5) for some e} such that |é,] — e} holds.

By induction hypothesis, &, < &, for some &, such that [&5| = e}. Let
&' = ((2y,5))", and we have & —* &' and [&'| = (|2, ], |&5]) = ([&, ], €5).

e |&,] is not a value. Then |é| < (€], |&,|) for some €} such that |&;| — €.
By induction hypothesis, &, <1 &) for some &} such that [&]| = e}. Let
&' = ((&],8,))", and we are done.

The rest of the cases can be handled similarly.

By Theorem 4 and Theorem 5, we know that the erasure of a well-type a-
expression ¢ preserves the dynamic semantics of é w.r.t. the erasure function.
The attributive types in L are precisely introduced to establish this property.
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YT typey, YET1o: typey,

srt-tu
2Tk T2 typey, b, ( P)

Z‘}—n:typebl Z‘}—TQ:typeb2 t<b

2
- (srt-fun)
X1 — T2 typey,

Y EB:bool Y& T:type, ¢ 2 FB:bool XFT:type,
Y F B DT type, (srt-) 2 FBAT: type,

(srt-A)

Y,a:0bF T type, Y,a:0b T type,

(srt-Y) (srt-3)

Y FEVYa:o. 7 type, Y F3da:o. 7 type,

. . v,3
Fig. 6. Some sorting rules for £

3 Extension

The type system of Ly, which is based on simple types, is not expressive enough
to support interesting and realistic style of programming with theorem proving.
In this section, we mention an extension of Ly to E\g,a with dependent types as
well as polymorphic types. Formalizing an extension as such is just a common
routine in the framework of Applied Type System [Xi04], and we have coined a
word predicatization to refer to such a routine. Please see [Xi04,CX05] for more
details that are not presented here for the sake of brevity.

The language ﬁg’ﬂ consists of a static component (statics) and a dynamic
component (dynamics). The statics itself is a simply typed language and a type
in it is referred to as a sort. We assume the existence of the following basic sorts:
bool, int, type, and type,, and we may write prop and type for type, and type,,
respectively; bool is the sort for truth values, and int is the sort for integers, and
prop is the sort for props, and type is the sort for types. We use a for static
variables and s for static terms, and write X' s : ¢ to mean that s can be given
the sort o under the context Y. The additional forms of types in 55’3 (over those
in Ly) are given below:

typesTi=...|0(3) | BD7|BAT|VYa:0.7|3a:0. T

where § stands for a sequence of static terms. We use B O T for a guarded
type and B AT for an asserting type, where B and T refer to static expressions
of sorts bool and type, respectively. As an example, the following type is for a
function from natural numbers to negative integers:

Vai :int. a3 > 0D (int(a1) — Jag : int. (a2 < 0) Aint(as))

where int(7) is a singleton type for the integer equal to I. The guard a; > 0
indicates that the function can only be applied to an integer that is greater than
or equal to 0; the assertion as < 0 means that each integer returned by the
function is negative.
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Some of the rules for assigning sorts to static terms are given in Figure 6. In
addition, we have the following sorting rule:

X1 type;
2T type

which allows a type to be used as a prop. It is this simple rule that initiates the
study on attributive types.

Let us use a judgment of the form X & 7 : type, = 7, where bit(7) = b is
assumed, to mean that X F 7 : type, is derivable and 7 is transformed into 7
based the derivation of X + 7 : type,. Then we can readily turn the rules in
Figure 6 into the ones for deriving judgments of this form. For instance, the
following rule is derived from the rule (srt-fun):

Ybotype,, = 1y Xk Toitype, = Ty t< by

Trhr o type, = (7 — £y)P2

It should be obvious to see how the other rules in Figure 6 are handled, and we
leave out the details. Note that using the sorting rules to attach erasure bits to
types is particularly important in practice as requiring the programmer to do so
manually would seem too unwieldy if not completely impractical..

A static term s in E\g’a is either a static boolean term B of sort bool, or a
static integer I of sort int, or a prop P of sort prop, or a type T of sort type.
In practice, we allow the programmer to introduce new sorts through datasort
declarations, which are rather similar to datatype declarations in ML. We assume
some primitive functions c¢g and c¢; when forming static terms of sorts bool and
int; for instance, we can form terms such as Iy + Iy, Iy — I, I} < Iy, =B,
By A Bsy, etc. We use B for a sequence of static boolean terms and X; B = B
for a constraint that means for any substitution © : X' (meaning ©(a) can be
assigned the sort X'(a) for every a € dom(0) = dom(X)), if each static boolean
term in B[O)] equals true then so does B[O)]. In practice, such a constraint relation
is often determined by some automatic decision procedure.

A typing judgment in CZ’E is of the form X;B;I" I~ & : 7, and we omit the
typing rules for C\g’ﬂ. The developed theory in Section 2 can be readily carried
over to E\S’E. To establish program (or proof) termination more effectively in
practice, we employ an approach that allows the programmer to supply termi-
nation metrics for automatic termination verification [Xi02]. We will explain
some uses of this approach in Section 4.

4 An Example

We now use an example to illustrate how the form of attributive types developed
in this paper can be used to support programming with theorem proving.

In Figure 7, we declare a type constructor tree that takes a type T and
two integers I; and I to form the type tree(T, I1, I5) for binary trees of height
I and size I in which each element is of type T. We use maz(hy, hs) for the
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datatype tree (type, int, int) =
| {a:type} E (a, 0, 0)
| {a:type} {h1,h2,s1,s2:nat}
B (a, 1+max(h1,h2), 1+s1+s2) of (tree (a,hl,s1), a, tree (a,h2,s2))

dataprop POW2 (int, int) = // POW2 (p, n) means 2°p = n
| POW2bas (0, 1)
| {p,n:nat} POW2ind (p+1, n+n) of POW2 (p, n)

Fig. 7. A dependent datatype for binary trees and a dataprop for encoding power of 2

maximum of h; and hs. Clearly, for any binary tree of height I; and size I, we
have 27t < I,. To establish this property, we declare a prop constructor POW2
in Figure 7 to encode the power function with base 2: Given integers I; and Is,
if POW2(I4, I,) is inhabited, the 2/ = I, holds.

// [pow2] computes powers of two
fun pow2 {p:nat} .<p>. (p: int p): [n:nat] (POW2 (p, n) | int n) =
if p igt O then let
val (pf | n) = pow2 (ipred p)
in
(POW2ind pf | n iadd n)
end else begin
(POW2bas | 1)
end

// [prfun] means that a proof function is declared; instead of
// of type, a prop is assigned to a proof function
prfun lemma {a:type} {h,s:nat} .<h>.
(t: tree (a, h, s)): [n: nat | s < n] POW2 (h, n) = case+ t of
| E () => POW2bas ()
| B (t1, _, t2) => let
prval pfl = lemma tl1 and pf2 = lemma t2
val (pf | _) = pow2 (ipred (height t))
prval () = pow2_inc (pfl, pf) and () = pow2_inc (pf2, pf)
in
POW2ind pf
end

Fig. 8. A proof construction involving total functions

We implement a function pow2 and a proof function lemma in Figure 8, which
are assigned the following type and prop, respectively:

pow?2 : Vip. ;> 0D (int(1) = Jip. POW2(1q,10) * int(1z)
lemma : VaViiVis. tree(a, iy, t2) = 3. (12 < 1) APOW2(1q,1)

Note that given an integer I, we use int([) for the singleton type containing the
only integer of value I. Clearly, this prop means that I < 27t if there exists a tree
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of height I; and size I5. In the definition of and pow2 and lemma, the functions
iadd, ipred, igt and height, and the proof function powZ2_inc are assigned the
following types and prop:

iadd :  ViVig. (int(11) x int(2)) = int(11 + 12)

ipred : Ve int(t) = int(t — 1)
gt ViVig. (int(e1) * int(s2)) — bool(s; > 12)
height : VYa.Vi1.Via. (11 > 0A e >0) D tree(a, vy, o) — int()
pow2_inc : Vi NNV (11 >20A 0 > 0A0 <) D

(POW2(u1,1)) * POW2(19,15) = (1) < 1h) A1)

Note that we use bool(B) for the singleton type containing the only boolean of
value B. The functions iadd, ipred and igt are primitive ones with the obvious
meaning. The function height computes the height of a given tree and the proof
function pow2_inc essentially proves that 2/t < 272 holds for any natural number
I, and I, satisfying I; < I5. For brevity, we omit the actual code that implements
height and pow2_inc.

5 Related Work and Conclusion

In an attempt to advance the type system of ML, Dependent ML (DML) is
developed to support a restricted form of dependent types where type indexes
are required to be drawn only from a chosen index language [Xi07,XP99]. In
DML, type-checking a sufficiently annotated program can be reduced to solving
constraints from this chosen index language, which is often handled through
a fully automatic but limited decision procedure. In ATS [Xi], a paradigm of
programming with theorem proving is introduced [CX05], making it possible for
the programmer to handle (difficult) constraints by constructing explicit proofs.
Consequently, the need for proof erasure appears.

The approach to proof erasure in this paper draws primary inspiration from
the design of program extraction (from proofs) in Coq [PM89,Let03]. In particu-
lar, the sorts prop and type here roughly corresponds to the kinds Prop and Set
in Coq.

The notion of proof erasure in this paper is also casually related to a modal
type theoretical study on proof irrelevance [Pfe01]. The approach taken in [Pfe01]
is fundamentally different from the one in [PM89] as the former does not support,
a priori, a separation between props and types. Instead, whether an object can
be classified as a program (i.e., intentional expression) or a proof only depends
on some conditions on its free variables. We, however, do not make use of such
conditions when formulating the typing rules for L.
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