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We present a type-based flow analysis for simply typed lambda calculus with booleans,
data-structures and recursion. The analysis is exact in the following sense: if the analysis
predicts a redex, there exists a reduction sequence (using standard reduction plus context
propagation rules) such that this redex will be reduced. The precision is accomplished using
intersection typing.

It follows that the analysis is non-elementary recursive — more surprisingly, the analysis is
decidable. We argue that the specification of such an analysis provides a good starting point
for developing new flow analyses and an important benchmark against which other flow
analyses can be compared. Furthermore, we believe that the techniques employed for stating
and proving exactness are of independent interest: they provide methods for reasoning
about the precision of program analyses.

A preliminary version of this paper has previously been published (Mossin 1997b). The
present paper extends, elaborates and corrects this previously published abstract.

1. Introduction

Flow analysis of a program aims at approximating at compile-time the flow of values
during execution of the program. This includes relating definitions and uses of first-order
values (for example, which booleans can be consumed by a given conditional) but also
flow of data-structures and higher-order values (for example, which function-closures
can be applied at a given application). Hence, the term ‘flow analysis’ is used here for
the natural generalisation of classical value flow analysis to higher order programming
languages.

Flow information is directly useful for program transformations such as constant
propagation or firstification, and, by interpreting the value flow in an appropriate domain,
for many other program analyses. In addition, information about higher-order value flow
can allow us to apply first-order program analysis techniques to higher-order languages.

We present a flow analysis for typed, higher-order functional languages which we prove
exact: the analysis captures exactly the set of potential redexes in the analysed program.
This is done by proving that:
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— The result of analysis is invariant under f and J§ reduction and expansion. The
reduction rules are non-standard — they correspond to standard reduction but modified
such that redexes are never discarded.

— The analysis correctly predicts that normal forms have no redexes.

— Since non-standard reduction never discards redexes, terms involving ‘fix’ can never
reduce to a value. We prove that the result of analysing a term involving fix is
equivalent to the result of analysing a certain finite unfolding of the term. Hence, all
redexes predicted by the analysis will be met in a finite number of reduction steps.

As a consequence of a theorem by Statman (Statman 1979) the problem solved is
non-elementary recursive, but we show that the analysis is decidable. While the analysis
may not be of immediate practical interest, we believe that it provides a fundamental
understanding of the nature of flow analysis. Thus, the analysis can be used both as
a starting point in the development of practical analyses, and to give an understanding
where other analyses lose precision. Finally, the techniques involved in stating and proving
exactness are of independent interest: invariance properties under non-standard reduction
rules are useful for characterising the precision and imprecision of program analyses.

2. Outline

Section 3 presents the language we will be analysing. Section 4 presents the analysis using
an annotated type system. Section 5 gives a syntax directed version of the type system
and proves decidability. Section 6 shows the existence of a best result of the analysis.

Section 7 presents a modification of the semantics of our language such that computa-
tion is never discarded. Using this non-standard semantics, Section 8 proves the analysis
is sound and Section 9 proves that the flow predicted is invariant under expansion. For
example, the set of redexes predicted for (Ax.e)@e’ only contains one more redex (namely
the redex itself) than the set of redexes predicted for e[e¢’/x]. Section 9 does not consider
‘fix” (treating ‘fix’ is problematic since never throwing away a computation implies that
all expressions involving ‘fix’ are non-terminating under the non-standard semantics):
Section 10 proves that for any fix-expression, there exists a finite unfolding for which the
analysis will predict exactly the same redexes. Section 11 proves that the analysis need
not predict any redexes for an expression in normal form.

Section 12 summarises the theorems proved, and proves that the analysis is non-
elementary recursive. Finally, Section 13 discusses related work and Section 14 gives our
conclusions.

3. Language

We analyse simply typed lambda calculus extended with booleans, pairs and recursion.
The expression ‘let’ (x, ) be e in ¢” evaluates e to a pair and binds the first component of
the pair to x and the second to y'.

f This construct is chosen instead of separate operators for picking the first and second component of the
pair, as these operators discard data. This would imply that the non-standard reduction of Section 7 and the
completeness results of Section 9 would be less elegant (though no less true).
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Types:
t = Bool|t—1t|txt
Type Rules:
Id —4———F—— Bool-int
Axthx:t OO True’ - Bool A+ False' : Bool
. AlFe:Bool AFe :t AbFe' ¢t Ax:the:t
Bool-el fix 20— ——
oot-eim At if' e then ¢ else ¢’ : ¢ X AFfix'xe ¢
. Ax:tke:t - AFe:t ot ARt
-int 2 -el
_}mroAl—i’x:t.e:t—w/ e AFe@'e @t
. AFe:t ARt . AFe:txt Ax:ty:tkFée
X-1ntr x-eli : :
HILo Ak (ee) 1t xt e AFlet (x,y)beeine : 1"
Contexts:

C:u=[]]Mx:t.C|C@Q'e|e@!C | fix'x.C | if' C then ¢ else ¢’ | if' e then C else ¢” |
if' e then ¢ else C | (C,e') | (e,C) | let' (x,y) be Cin e | let’ (x,y) be e in C
Reduction Rules:
(B) (M'xe)@le — e[e'/x]
(0-if) if! True' then e else ¢ —> e
if! False then e else ¢ —
(9-let-pair) let' (x,y) be (e,e) ine” — ¢'[e/x][¢'/y]
(0-fix) fix'xe — e[fix'x.e/x]
(Context) Cle] — C[¢] ife—¢

e/

Fig. 1. Language.

We present the language using the type system of Figure 1. We call the set of expression
defined by the type system Exp. In order to refer to sub-expression occurrences, we assume
that terms are labelled.

Definition 3.1. For any given expression e € Exp, let ¥, denote a finite set of labels. Every
occurrence of a (sub)expression ¢ in e is mapped to a label | € ¥, — we say that [ is the
label of ¢/. We use L to denote sets of labels, that is, L = &,.

We assume that labelling is preserved under reduction — hence, a label does not identify
a single occurrence of a sub-expression, but a set of sub-expressions (intuitively, residuals
of the same original sub-expression).

Figure 1 also presents the standard semantics of our language. As usual, we write —"
for the reflexive and transitive closure of —. We assume for all expressions that bound
and free variables are distinct, and that this property is preserved (by «-conversion) during
reduction.

Definition 3.2. Abstractions, booleans and pairs are called data, and applications, condi-
tionals and ‘let’ (x, y) be e in ¢” are called consumers — thus B, 5-if and §-let-pair reductions
are data-consumptions.
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Definition 3.3. For an expression e, a flow relation @ is a relation between consumers and
data ® = ¥, x Z..

Intuitively, (1) is in @ if [ is the label of a consumer, I’ is the label of data and the
consumer can consume the data.

Definition 3.4. Given a reduction sequence ¢ —" ¢, the flow relation for the reduction
R(e —>" ¢') is defined as follows:

A x.e)@'e —> e[e’/x]

(L)}
{11}
(L,
(L

A(if' True" then e else ¢ —> e

/

A(if' False' then e else ¢ —> e

)

)

) = {(L1)}
A(let! (x,y) be (e,¢') in e’ — ¢"[e/x][€/y])
1)
)

(L1}
=

= Re —¢)

A(fix'x.e —> e[fix'x.e/x
RA(Cle] — Cle]
Re—> ¢ —" ") = Re—> &)U R —" ).

Flow analysis seeks a safe approximation to the possible consumptions during any
reduction of a term. That is, given e, a flow analysis will compute ® such that whenever
e —" ¢, we have Z(e —" ¢') = @.

4. Intersection based flow analysis

Intersection types allow us to state more than one property of an expression and use any
of the properties at will. Intersection types are more powerful than F2 polymorphism:
any polymorphic type can be regarded as an infinite intersection where each component
is forced to have the same fixed structure. We use a version of intersection types that
includes a subtype ordering. This formulation originates from work by Barendregt, Coppo
and Dezani-Ciancaglini (Barendregt et al. 1983).

The set of type formation rules presented in Figure 2 defines properties. If e is the
analysed expression, a property is a standard type where we add a set of labels L < &,
(called an annotation) to each type constructor. Furthermore, we allow intersections of
properties. Note that properties are defined in terms of standard types such that A is only
allowed on properties with the same underlying standard type.

Definition 4.1. If x € #'(t), define |k| = t. Extending the definition to environments,
[ X1 P Ky X DKy | = X1 0t e X 0 Kl

Figure 2 also presents the subtype relation. The first two rules say that anything that
has type k Ak’ can be given type k or k. The third states that if « is smaller than x; and
smaller than «,, then it is also smaller than x; A k. The fourth rule states transitivity.
The (Bool) rule states that Bool! is smaller than Bool™ if L; is a subset of L,. The
(Arrow) and (Product) rules lift the relation to function and pair types in a contra-variant
or co-variant way, respectively. Finally, we have three distribution rules for — and x over
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Type Formation:

Bool

KeH() K exd)

Bool* e # (Bool)

kol exnt—t)

« KEA() K e H({)

A KEA() K € A (t)

kxEi e (txt) Kk AK€ A (1)
Subtype Relation:
A-E AEESK Fr<io
FrArk <k Frenk <« Fr<k Ak
Fri <k Fr, <k Lic L
Trans 1= =2 2= 73 Bool — =1 ==2
Ki < K3 F Bool"! < Bool™

_)I—Kléx’l Fro<k, LSl

F ) =5 <k -0 )

Fri<k], Fro<iK, Licl,
F e x5y < i) xP2 i,

A-arrow

F (1 =5 1) A (151 =5 1) < g =5 (1o A KD)

A-pair-L
p F (1 xE i) A () X i) < (6 ARG x5y

A-pair-R

F (e xE i) A (e x5 dh) < iy xE (1 Aich)
Annotated Type Rules:

d-— N Ax:xke:«
A, X kXK Ak lxe k-0 K

_)_EAl—eiK/—>LK Abeé «

wgAbe:ix Abe :x
AFe@'e ;i

AF (e,e) e xT i

1"

><_EAI—e:KXLK’ Ax Ky ke 1k
AFlet (x,y)beeine : k"

Bool-I

AF True' : Bool” A F False' : Bool¥
Bool-E AFe:Boolt Are:x Abeé :k

ﬁXA,x:KI—e:K
A if' e then ¢ else ¢’ : i

AFfix'xe : k

Sub AFe:k Fr<k

qgAkbe:k Abe:k
AFe:« Al

AlFe:kNK

Fig. 2. Intersection flow analysis.

intersections. Note that these three rules introduce equivalences since the opposite sub-
typings are derivable.
We define positive and negative occurrences of an annotation L as follows.

Definition 4.2. Assume the syntax tree for a type k. If the path from the root of the
tree to a type constructor ¢’ (one of Bool, x or —) follows the argument branch of —
constructors an even (odd) number of times, then L is said to occur positively (negatively)
in x.
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Finally, Figure 2 presents the inference rules defining our flow analysis. Rules for data
constructing expressions e with label [ add {I} to the top constructor of the type. This
indicates that e can evaluate to one value only: itself. The subtype rule states that if e has
type k and «’ is less precise than k, then e has type «’. The final rule states that if e has
got type x and type «/, then it has got type k A k.

It is easy to show that if 4 e : k, then |4| F e : |x| by the standard type rules.

We remark that the following rule is admissible:

Ax kiFe:k Firo <k

Ax:KkybFe:k
We refer to this as the strengthened assumption property.
We call a type derivation using the system of Figure 2 a flow derivation.

Definition 4.3. We define a function # from flow derivations .7 for e to flow relations as
follows: let # (7)) = ® where ® = ¥, x £, is the least relation such that whenever one
of the rules

Abe ik -tk AR K
AFd@le :x
AFée iuxt Ax:iwy:tFe x
AFlet' (x,y)be e ine” : k"
AFé :Boolt Abe :x ARk
AFif! ¢ then e” else ¢” : i

—-E

"
x-E

Bool-E

is an inference in 7, we have (,I') € ® for all I € L.

Hence, # collects the flow information of the derivation and summarises it as a flow
relation.

Let = be the equivalence induced by <. For each t, let 27 (t)/= denote the equivalence
class under =. Since &, is finite, we have the following proposition.

Proposition 4.1. Given t,e, we have that 2#(t)/= is finite.

Definition 4.4. For every expression e and standard type ¢, define L, € #'(t) and T, € (1)
inductively over t as follows:

LBool = BOOI{}

Lixy =14 x Ly

Lir=T, - Ly

T Bool = BOOlgje

Tixe =T x%e Ty

Tor=1, »% T,

The following proposition states that L, and T, are the bottom and top elements of (),
respectively.

Proposition 4.2. For every expression e, standard type t and x € % '(t), we have that
Fl,<kandFx<T,
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Proof. The proof is by induction over the structure of «. [

Definition 4.5. For each ¢ introduce a special constant, which we also call 1, € Exp of
type L;.

5. Decidability

We will give a syntax directed version of our inference system. Coppo, Dezani-Ciancaglini
and Veneri (Coppo et al. 1981) and van Bakel (van Bakel 1995) have used a similar
technique for integrating the non-structural rules in the elimination rules.

The first step is to combine the two non-syntax directed rules into one. Define the
relation A H e : k by replacing the (Sub) and (A-I) rules by the following rule:

,Viel: AFe:k; b <k

Al—’e:/\xﬁ

icl

Sub

Lemma 5.1.

1 If we can deduce A+ e :kx from AFe :xky---AF e : Kk, using only rules (Sub) and

(A-I) then we can deduce the same from the same assumptions using rule (Sub’) only.
2 If
Viel: AFe:x; Fri<k

At e: /\ K
iel

is the conclusion of a valid derivation, then 4 e : A\, x; can be inferred using rules
(Sub) and (A-I) from the same assumptions.

Sub’

Proof. Part (1) is trivial since (Sub) and (A-I) are special cases of (Sub’).
If I = {1,...,n}, then n applications of (Sub) and n— 1 applications of (A-I) suffices for
part (2). L]

Lemma 5.1 implies that the resulting system is sound and complete with respect to the
original system.

Proposition 5.1. ' is sound and complete with respect to :

Soundness: If
2
At ek
is a valid derivation, then there exists a valid derivation
T’

AFe:k

T’ g
I\ — =7 —7— .
(AI—e:x) (Al—’e:;c>

such that
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Completeness: 1f
T
AFe:k
is a valid derivation, then there exists a valid derivation

!

A
AF ek

T’ T
| N N G
<A|—’e:1c) <A|—e:x>

It is trivial to see that we never need two consecutive applications of rule (Sub’).

such that

Definition S.1. Define type contexts T C as
TC =[]k xETC|TCx x|k L TC|kATC|TC Ak
Definition 5.2. Define function normalise : 4 (t) — #(t) for all ¢ as follows:

normalise(ic) is the normal form of x with respect to the following system:

Liea) A (g =F 1))

(k1 AY) xE ey —> (k1 XL i) A () xE xa)

k1 =L (ko ANKh) — (k) —

1 XL (g AKh) — (k1 xTaea) A (kg xE i)
TC[k] — TC[K] if Kk — K.

Note that - k = normalise(i) for all k. Also, consider the syntax tree for normalise(k):
the path from the root to a A node will either not traverse any other nodes than A or the
path will traverse a — node through the argument child (in other words, conjunctions
appear at top-level or not in ‘Rank 1’ position).

Lemma 5.2. If normalise(’ =% k) = \,.;(K' =% ;) then normalise(x) = )\, ki

Proof. We prove the more general property that if
/\(K” L Ki) N /\ (KN L K}),

iel jeJ
then
N\ri—" A\w;
iel jeJ
The proof is by induction on the number of rewrite steps applied. L]

A syntax directed version of the inference system is given in Figure 3. We need a version
of the property of strengthened assumptions.

Lemma 5.3. If
72
Ax Kk He Kk
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e g AxikFe:x
Ax:kHF'x 1k AR xe - >0

AF'e K =tk Viel :AF" € 1 F/\K;SK/
—S.E icl

A e@le @k

g AF ek AF"e 1K
m
A" (e,¢) e x! i

Viel :AF"e:x; x5k A,x:/\;ci,y :/\Kgl—”e’ DK

%-F icl icl
AF"let' (x,y)beeine : k"

Bool-I

A F" True' : Bool™ A" False' : Bool™

Bool-EA'_neiBOOIL AF' e i A" kK P <k FiK'<k
AF"if' e then ¢ else ¢ : k

Vi:A,x :kFH'e:K; I—/\K,-SK

fi iel forany j €I
X A fix'x.e K; yJ

Fig. 3. Syntax directed intersection flow analysis.

is a valid derivation and F x, < k4, then 7, k' exists such that
Fr <k,
3-/
Ax o F et K

is a valid derivation and

! g
F ‘/—/ cF ; .
A,x ko Hle ik Ax:k He:k

Proof. The proof is by induction over the structure of e. O]

The syntax directed system is sound and complete with respect to the original system
in the sense given by the following theorem.

Theorem 5.1.
Soundness: If
T
AF"e k
is a valid derivation, then there exists a valid derivation

!

A
Ate:k

T’ T
F|l————— | =F| ———|.
(A’I—e:;c’) <Al—”e:1c>

such that
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Completeness: 1f

T
AbFe:k

is a valid derivation, then there exists a valid derivation

4

2
AFle: Kk

T’ T
F\——F—— | F| —— |.
<A'I—”e:rc’> <A!—e:x)

Proof. We prove the theorem for F instead of . Then, the theorem follows by
Proposition 5.1.

Soundness is a trivial induction since we have have just incorporated the non-syntax
directed rules in the syntax directed ones.

For completeness, we prove in addition to the above that:

If

such that

T

AF e«
is a valid derivation and normalise(ic) = )\, Ki, then there exists a family
T
———— foriel
AF"e K}

of derivations such that for all i we have b x} < x; and
g . 78
F #/ cF # )
At"e K At ek

We prove completeness by induction over the inference tree for
T
AF e i’
We will just give a few illustrative cases:
(—-I) Assume a derivation
T

Ax kH e«
—-1

n
AF Alxe k>

By induction, we find a family of derivations for i € I:
T
A,x ke K
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such that if normalise(k’) = \;o; ki, then F k} < k; for all i € I. We construct
T
A,x ikH"e K

- n gl {y
AF"Axe k> K

Now we have normalise(x =" k') = Ao, (k = k;) and

(1 }

Fi - < ek
foralliel
(—-E) Assume
T T’
L. At e: K 5tk AF e K
AH e@'e 1k

Further assume
normalise(K' = k) = N, (K =5 ki)
normalise(x’) = /\jeJ i<
Then, by induction, there exist families of derivations
T T

and ————
AF"e k) =tk AF"e KT

fori el and j € J such that

Fog -t < —>F i oand  F k<
We construct
T T
’ vieJ: ————
; cJ
AF"e i, —E ! J AFre ik /\ K <K
jel

A" e@'e 1 k!
where E A\, k7" < x; follows from 7" < i, F A\ ;c; 1) = 1" and B 1’ <.

jel K
By Lemma 5.2, we have that normalzse(;c) = A, ki Finally, F «/ < x;and L; = L.

iel
(Sub’) Assume
T
Viel: AF e:x Fr <k
AF e: /\ K|
iel
Let /\j€Ji Kij = normalise(i;) for all i € I. For each i € I we have, by induction,
families of derivations

T ij

n o g
AF"e ki
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where ng < kjj foralli €l and j € J;. Now, the family indexed by I x J fulfills
the property we wish to prove. L]

We can now show that the analysis is decidable as follows: first note that the subtype
relation - k < Kk’ is decidable. Now, given an expression e, the maximal height of
the syntax directed inference tree (leaving out the F x < k¥’ judgments) is bounded by the
size of e. With respect to width, the only interesting rules are (—-E) and (fix) since the
number of assumptions in these rules is not fixed:

1 Inthe (—-E) rule we have assumptions 4 F" ¢’ : «/, but the number of such assumptions
is bounded by the size of /' (t)/ =, where t = |x}].

2 Similarly, in the (fix) rule we have that the number of assumptions A,x : k - ¢ : K;
is bounded by the size of #'(t)/ =, where t = | ;| .

Since (#'(t)/=, <) is finite for each t, we have that for each e we can construct a finite set
of trees, such that the set of all valid derivations is a subset. Checking whether each tree
is a valid derivation is clearly decidable, so we can compute all valid derivations.

6. Minimality

This section shows that for every expression e there exists a minimal derivation .7 such
that #(7) is the minimal flow relation derivable for e. Given the results of the previous
section, we are thus able to compute the most precise flow information derivable from the
type system. In the following section, we will show that this minimal result is in a certain
sense exact.

In this section, we return to the original formulation F of the analysis.

Definition 6.1. A label vector is written as (L, ..., L,), where Ly, ..., L, are sets of labels.
Define point-wise set intersection on label vectors by

(Ly,...,Ly) N (LY,..., L) = (LynLY,....,L, N L)
and vector concatenation by
(Li,...,L) + (Lit1,...,L,) = (Li,...,Li, Lis, ..., Ly).
Finally, define point-wise subset inclusion:
(Ly,...,Ly,) = (L,...,L,) iff Ly <Ljand---and L, < L),

Definition 6.2. The vectorising function vec maps #'(t) to label vectors and is defined as
follows:

Definition 6.3. Define an ordering < on properties #'(t) by

k<K' iff  vec(k) S vec(x').
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We extend the definition of the ordering to judgments by defining
(X1 T Koo X tKp e i K) L (X1 KXy K Fe i K)
iff
k<K and Kk; <k, forie{l,...,n}.

Note that the < ordering is co-variant: for example, the least type of A'x.True? is

Boolt! -1 Boolt”). The ordering is extended to derivations as follows.

Definition 6.4. Define the ordering < on derivations inductively as follows:
1 If one of (Id), (—-I), (—-E), (x-I), (x-E), (Bool-I), (Bool-E) and (fix) is the last rule
applied in both derivations, then
T\ T, g-/lg':l
AlFe:x = Ate:«

if
(Ate:x) <A Fe:x) and Vie{l,.--,n}: 7,7
2 For any last rule applied in the second derivation
T T’ T’
< if 7 < ———.
AFe:x —~ AFe:n | = A Fe:wd
Similarly, for any last rule applied in the first derivation

Sub

!
T T T /

— < Sub +—— f —— L T
AFe:x = P AFed V AFe:x &
3 For any last rule applied in the second derivation
T T T’
AT . ,
AFe: ki Ny A Fe:k
if
T T’
I X —— and I, X —7———.
"= Are K = AFe:r

Similarly, for any last rule applied in the first derivation

T T T
—S/\-I%
Ale:k A fFe k] Ny
if
T T
- <77 and —— < I
Abe:x — 71 Ate:x — 72

The rules of the inductive definition are overlapping, but it is easy to check that the order
of applying the rules makes no difference, so the definition is valid.
The following property follows easily from the definitions of < and #.

Lemma 6.1. If 7 < .7, then #(7 ) < #(J).

Hence, we find the smallest (most precise) flow relation by finding the smallest derivation
under <. We shall now prove that a smallest derivation exists.
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Definition 6.5. For any t and k,x’ € #(t), define k Mk’ as follows:

Bool® 1 Bool™? = BoolX M2
rop X M B2 iy = (kg Mig) x B0 (1 M i)
w1 =L Mg -k k) = (k) M) -4k (
(1 A KY) Mica = (i M) A (K] M K2)

KiMKy=KNK;j.

Ky M Kh)

Lemma 6.2. For any ¢ and k, k" € #(t), we have k Mk’ <k and kM k" < K.
Definition 6.6. Define

(X1 S Klyeeos Xy tKn e i R)TT(X) 2Ky Xy 1K, Fe i K)

= (X1 K MK, Xy S Ky MK, e s K).

Lemma 6.3. Let x,x’" € #'(t) and for all i € {1,...,n}: k;,k; € A'(t;). Then

(X1 iK1y ey Xy ik e ik) T (X1 Ky X ik, Feii) < (X) K,y X K e 2K)
and

(X1 K1y Xy o € 2K) T1 (X1 2Ky X K Foeik) < (xg ik, X i, eti).

Definition 6.7. The definition of M is extended to derivations by the following inductive

definition:

1 If one of (Id), (—-1), (—-E), (x-I), (x-E), (Bool-I), (Bool-E) and (fix) is the last rule
applied in both derivations, then

T\ Ty Ty Ty TNTy-T,N0T,
AlFe:x Alre:k  (Are:w)n(AFe: k)
2 If the last rule applied in the first derivation is (Sub), then for any last rule applied in
the second derivation

Va A T’
- M
Al e i Fr <Ko T’ AFe:x; AFe:k Frink <ong
M =
AkFe i Ate:« (AFe:r)n(A Fe: k)

3 If the last rule applied in the first derivation is the (A-I) rule, then for any last rule
applied in the second derivation

71 T T - T’ T - T’
AlFe:x; Ale i T’ AFe:x; AFe:k AFe:xy Ate:x
I = .
AbFe: 1 Ak AlFe:« (AFe:xiAr)N(A Fe:x)

4 TNT =7 NT.

In Lemma 6.5, we show that 7 M .7’ is a valid derivation. First, we need a simple
lemma.

Lemma 6.4. For all xy, k; and k3, we have - k; < k, implies F x M k3 < ko M K3.
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Proof. The proof follows by induction on the derivation of  x; < x;. [

Lemma 6.5. If 7 and 9’ are derivations, then so are M. ' and J NJ’' < J and
TnNIT' LT

Proof. The lemma follows by induction over the sum of the heights of the two
derivations. The cases where the last rule of both derivations are syntax directed follow
by Lemma 6.3.

If the last rule of one of the derivations is the (Sub) rule, appeal to the induction
hypothesis and use Lemma 6.4.

Assume the last rule of one of the derivations is the (A-I) rule. That is, assume the
situation of case (3) in Definition 6.7. By the induction hypothesis,

T T’ T T’
_ and _ I —_
AlFe:x;  AFe:x AlFe:xy Abe:x

are derivations, and by Definition 6.7 (all cases), the conclusions of these two must be
AnNA Fe:xink and AnA Fe:kynk.

Using the (A-I) rule, we find AT A" F e : (k; M K') A (k2 M K'). By definition of M, this is
equivalent to A1 A" F e : k; Aky MK, so the right-hand side of case (3) is indeed a valid
derivation.
From the induction hypothesis, we also find
T T’ T T T’ T’
- - < — and — <
Abeirxy Atre: Ableir Abe:ki Are:xk AFe:x

and similarly for 7,. Now the second part of the lemma follows from Definition 6.4. []

Since there is a finite number of derivations for every expression e, the following corollary
is an immediate consequence of Lemmas 6.1 and 6.5.

Corollary 6.1. For each e there exists a minimal derivation 7 under the < ordering.
Furthermore, % (7") is the minimal flow relation derivable for e.

7. Non-standard semantics

In this section, we give a non-standard semantics that exactly characterises the strength
of intersection flow analysis. The semantics is a modification of the standard semantics
such that if the flow analysis predicts a potential redex, then reduction to normal form
under these semantics will indeed cause the redex to be reduced.

Intuitively, the intersection based analysis loses precision whenever a computation is
discarded. For example, a derivation for if"" True” then False” else (1%x.x)@"False’s will
tell us that 2% can be applied at application @'. If we choose to reduce the conditional,
we will discard the else-branch and therefore never perform the reduction predicted by
the analysis.

We introduce new syntactic constructs to ensure that this never happens. To avoid
discarding a computation when ‘if” is reduced, we introduce a new construct ‘either’. To
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avoid discarding function arguments that are not used, we introduce a special syntactic
construct ‘discard’. The type rules for the extensions of the language look as follows:

AFe kK AFe:x

Discard - .
1sear AFdiscard € ine : x

Ale:t AFé :t
Eith - here b € {True, False}.
ther A eitherpeore :t where {True, False]

Call the extended set of expressions Exp.

The analysis is also imprecise in another way: it can predict redexes that are ‘blocked’.
For example, for (let" (xi,x») be y in A2z.z)@"False®, where y is free, the analysis will
predict that A”z.z can be applied to False". Under any (type legal) instantiation of y,
this will indeed be a redex, so this is not really an error of the analysis. It is, however,
important to model this behavior in the non-standard semantics. We therefore introduce
context propagation rules in the new semantics to ensure that all potential redexes are
reduced.

Figure 4 presents the non-standard reduction system. In rules (f3), (0-if) and (o-let-pair)
data labelled !" is consumed by a consumer labelled [. The remaining rules are non-
consumptions. Reduction by the rule C[e] —; C[¢'] is a consumption (non-consumption)
if e — ¢’ is a consumption (non-consumption). Function %() is defined on the extended
reduction system as expected. Note that fix is missing in Figure 4 — we will deal with fix
in Section 10.

The extended reduction system is confluent, and all reduction paths reduce the same
redexes.

Proposition 7.1 (Confluence). If ¢ — ¢; and e —>] e, there exists ¢’ such that e; —] ¢’
and e; —; €. Furthermore, #(e —; e; —; €) = R(e —; e2 —; €).

Proof. The proof is a standard confluence proof. ]

It is easy to see that —y is strongly normalising. Extending the analysis to handle the
new constructs is straightforward:

AFe k' AFe:x
At discard' ¢ ine :x

Discard

Ate: AFeé : / /
Either e. r 1 e/ * Where b e (True’, False }.
A F-either, eore :x

Definition 7.1. Any expression v such that no e exists with v — e is called a value.

Proposition 7.2. An expression v is a value if and only if it has the following syntax:
v = let' (x,y) be Tinv' | if T thenvelse v’ | x| (v,0) |
eitherﬁ, vorv | discard' vin v’ | True' | False! | ©
v o=@ | x| L.
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Contexts:

C ::=discard’ C in ¢’ | discard’ e in C | eitherﬁ, Core| eitheri, eor C

Reduction Rules:

B) (A x.e)@le’ —, e[e'/x] if x € FV(e)
—, discard' ¢ ine otherwise
(0-if) if! True' then e else ¢ — eitherlee/, eore

if' False’ then e else ¢/ —, either;alse,/ eore
(-let-pair)
let' (x,y) be (e,¢) in e’ —, ¢"[e/x][¢//y] if x,y € FV(e")
—, discard' ¢ in ¢”[e/x] if x € FV(¢") and y ¢ FV(e")
—, discard' ein ¢”[¢//y] if y € FV(¢") and x ¢ FV(e")
—, discard’ e in discard’ ¢ in ¢’  otherwise
(Context) Cle] — Cl€] if e — ¢

Context Propagation Rules:

(discard) (discard’ e; in e,)@ es
—> discard' e; in (e, @ e3)
let” (x1,y1) be (discardl e;iney)in e
—, discard’ ¢; in (let” (x1,y1) be e; in e3)
if" (discard’ e1 in ey) then e; else ey
— discard’ e; in (if’l e, then e; else e4)
(pair)  (let' (x,y) be e in ;)@ es
—, let’ (x,y) be ¢; in (e, @' e3)
let' (x1, 1) be (let” (xa,») be e; in e») in e3
— let” (x2,¥2) be eq in (let' (x1,y1) be e; in e3)
if" (let’ (x,y) be eq in e;) then e; else ey
—, let! (x,y) be e; in (ifl/ e, then e; else ey)
(if) (if' e; then e, else e3)@" ey
—>, if' e; then (e;@" e4) else (e3@ ey)
let” (x,y) be (ifl e, then e; else ¢4) in ¢
—, if’ e, then (letw (x,y) be e3 in e;) else (let” (x,y) be eq in e)
if! (if” e then e, else e3) then ey else es
—, if’ e, then (if' e, then ey else es) else (if! e5 then ey else es)
(cither)  (either) e, or e,)@" es
—, cither) (e;@"e3) or (e,@" ¢3)
let" (x,y) be (either’b e, Or e3) in e
—y eitherf7 (letl’ (x,y) be ey in eq) or (let” (x,y) be e3 in e;)
if" (eitherﬁ7 ey Or e3) then e; else ey
—, either) (if" e, then e; else e4) or (if" e then e; else ¢;)

Fig. 4. Extensions for non-standard reduction.
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Proof. 1t is easy to see that if v has the above syntax, then no e exists such that v —; e.

Let e be any expression. We will prove that if no ey exists such that e —; ¢, then e
has the above syntax. We prove this by induction on the structure of e. First we note that
e cannot be fix x.e.

True: This is clearly a value.

False: This is clearly a value.

if e then ¢ else ¢”: Clearly, e, ¢ and ¢” have to be values for ‘if e then ¢’ else ¢’ to

be a value. Furthermore, ¢ cannot be ‘True’ or ‘False’ since the conditional would
then reduce to ‘eitherry,. € or € or ‘eithergy € or €, and it cannot be a discard,
a ‘let (x,y)..., another conditional or an ‘either’ expression since then a context
propagation rule would be applicable. Finally, it cannot be an abstraction or a pair
since it would not be well-typed. The only things left are applications or variables.

either, e or ¢: Clearly both e and ¢’ have to be values.

x: This is clearly a value.

/

Jx.¢’: This is a value if € is.

¢ @e”: Clearly ¢’ has to be a value. Also ¢ has to be a value. If ¢ is a pair or a truth
value the expression is not well-typed. If ¢ is an abstraction, e cannot be a value.
Similarly, if ¢’ is a discard, a ‘let (x, y)...’ a conditional or an ‘either’ expression, one of
the context propagation rules is applicable. The only options left for ¢’ are a variable
or an application.

(¢',€"): This is a value if the components are.

let (x,y) be ¢ in ¢’: Both ¢ and ¢” have to be values. If ¢ is a pair, ¢ would not
be a value, and, similarly, if it is another pair destructor or a discard, a context
propagation rule would be applicable. Since e must be well typed, the only options
left are applications and variables. U

Definition 7.2. We define a reduction system —, on standard terms as — plus the
context propagation rules for (pair) and (if).

Note that the context rule for (if) allows strictly more consumptions even for closed
terms. For example, applying the rule to
(if" True® then A" x.e else A2y.¢')@" True'e

allows the reduction (Is, [).

Proposition 7.3 characterises — in terms of —: every consumption while reducing
a term e to a value using —, is a potential consumption while reducing a term e to a
value using — .. To prove this, we need a number of definitions and lemmas.

https://doi.org/10.1017/50960129502003857 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129502003857

Exact flow analysis 143

Definition 7.3. Define call-by-value reduction — ¢y in the extended system by limiting
the applicability of the () and (J-let-pair) reduction rules as follows:

(B) (A'x.e)@'v —cpy e[v/x] if x € FV(e)

—5.CBV discard’ v in e otherwise
(-let-pair)
let' (x,y) be (v,0")" ine —>ycpy e[v/x][v'/y] if x,y € FV(e)

—.CBV discard' v in elv/x] if xe FV(e) and y ¢ FV (e)
—CBV discard' vin e[v'/y] if y € FV(e) and x & FV (e)
—CBV discard’ v in discard’ v/ in e otherwise.

Lemma 7.1. Let e,v € Exp, be given. If ¢ — v, then there exists a reduction sequence
€ —sCBV U.

Proof. The proof follows by confluence and strong normalisation. L]
Definition 7.4. Define a mapping . from Exp, to Exp:
S(discard' ¢ in e) = Y(e)
% (eitherlTrue,/ eore) = if True' then ¥(e) else (¢
(

S eitherlF ! €or e’) = if’ False’ then #(e) else #(¢)
F(Ix.e) = Ix.Z(e)

S(e@'e) = S(e)@'¥(¢)

S((e.¢)) = (S(e), 7))

F(let' (x,y)beeine) = let' (x,y) be F(e) in ¥(¢)
S(True') = True'

& (False') = False!

F(if' e then ¢ else ¢’) = if' F(e) then L(¢) else F(¢").

Lemma 7.2. If e — 5, €', then ¥(e) —. F(¢').

Proof. We use induction on the length of e —{ 5, ¢'. Reductions e; —cpy e are
mimicked by ¥ (ey) —. F(e2) except (0-if), which is ignored. ]

Lemma 7.3. Let e,¢ € Exp, be given such that e — ¢’ and #(e —; ¢') = {(I,I')}. Then
there exists ¢’ € Exp such that #(e) — ¢” and Z(F(e) — ¢€") = {(I,I)}.

Proof. The proof is by induction on the context and simple case analysis of the
consumption involved. (]

Proposition 7.3. Let ¢ € Exp and v € Exp, be given such that e —; v and (L,I') €
R(e —>; v). Then v' € Exp exists such that e — v" and ([,I') € Z(e —>. V').

Proof. By Proposition 7.1, any reduction from e to v using — will reduce the same
set of redexes. Specifically, we can (using Lemma 7.1) choose e — -, v. But then we
can use Lemmas 7.2 and 7.3 to construct the reduction sequence using —.. U]
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8. Soundness
We prove soundness for the analysis under the semantics defined by Figure 4 plus the
standard rule for ‘fix’:
fix'x.e — e[fix'x.e/x].
Soundness is stated as intensional subject reduction — we show that not only is the

judgment for the whole expression preserved, but the flow computed by the derivation is
preserved. We first prove an intensional version of the substitution lemma.

Lemma 8.1 (Substitution lemma). If
T
Ax K Fe:k
and
9'/
then there exists .7 such that:
e0/~//

At ele/x] 1k

T’ T T’
2 I\ | =7 ——— | VT —7 |-
(A Fele'/x] ZK) <A,x K ke K) (A Fe :K’)

Proof. The proof follows by simple induction on the structure of the derivation of
A,x K Fe:k. ]
Theorem 8.1 (Subject reduction). If

7
Ale K
and e — ¢, then there exists .7 such that:
Al
AFé :k
2 If the reduction lets consumer [ consume data I, then

(TN (T ,
j(AI—e:K) _/(Al—e’:lc)u{(l’l)}

3 If the reduction is a non-consumption, then

T’ T
Fl—2 =77 ).
(Al—e’:;c) <A|—e:x>

Proof. The interesting cases follow from Lemma 8.1. ]

1

9. Completeness

This section proves subject expansion for the language without the ‘fix’ operator.
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Subject expansion can only hold if expansion preserves standard types, so this will be
an implicit assumption throughout the section. The subject expansion property we prove
is intensional, that is, the computed flow information is preserved.

Lemma 9.1. Let e be an expression with n > 0 occurrences of variable x. If
T
At el[e/x] 1k
then there exists ;- x,, 7 and 7 ;---7 , such that:
T
AbFé ki
g—/
A x /\ KilFe:k

ie{l,n}

T T’
3 F|l—-rr—— = | —7Fr— |UTF
<A|—e[e’/x]:1c) LIJ (Al—e’:;q) A, x /\ KilFe:k

ie{l,.n}

1

2

N

Proof. The proof is by straightforward induction on the derivation 7. ]

Definition 9.1. If 7 is a derivation where x does not occur, we write 7 ,x : k for the
derivation where x : k is added to all environments.

Note that if 7 is a valid derivation and x does not occur free in the derivation, then
7 ,x .k is a valid derivation.

Theorem 9.1 (Subject expansion). If

j/
Aleé 1k
and e — ¢/, then there exists .7 such that:
T
T -7
AlFe:k

2 If the reduction lets consumer [ consume data I, then

2 T’
gz = — g - !
JP(AI—e:x) j(AI—e’:K)U{(l’l)}

3 If the reduction is a non-consumption, then

T’ T
72 ) =7 ).
(AI—e’:rc) (AI—e:;c)

Proof. We use case analysis on the definition of —y, that is, the f and 6 rules are the
base cases and the context rule is the induction step. We will just show some illustrative
cases:
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(p) If x not free in e, the case is simple. Assume x has n > 1 occurrences in e. Then
(M'x.e)@'e — e[e’/x]. By assumption,

T
AFele/x] i Kk

By Lemma 9.1, we have 7, k; such that

T d T’
- an .
Abe x A,x:/\x,-l—e:;c
i
Finally,
:/,/—/
A,x:/\rc,-l—e:;c T T

i

AFeé :k AlFeé :xk,

L
AFi'xe: (/\K,) - g AFé Z/\K,-

i

AF ('xe)@le :x
Part (2) follows from Lemma 9.1.

‘Context propagation rules’: The (discard) and (pair) cases follow from a simple re-
arrangement of the derivations. The (if) and (either) cases requires the use of A but
are relatively straightforward: we give the first case of (if) as illustration.

Assume

(if" e; then e, else e3)@" es —, if' e; then (e2@" e4) else (e3@" es).
Without loss of generality, we can assume
T
A e; : Booll T, T3
AFif! e then (ex@" e4) else (e3@ e4) : K

where
! "
T 75
Ab ey ks o> 10 Al e4 Ky
T, = -
Al (@ ey) 1 15 Fro<k
Al—(ez@l/e4) LK
! a !
T3 73
AF ey iy - g Al ey Ky
T 3= ;
Al (3@ eyq) 1 K3 Fry<k

Al (63@1/64) 1K
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We can now construct

T T 7T
Al—e1:B001L1 g'4 9'5 A|—€4ZK4 A|—€41Kg
Fif! e; then e else e : (1 A Ky) =125 Al eq kg NKY

Al (ifl ey then e; else e3)@l'e4 TK

where
3./2 |—K4/\K:‘SK4 Fro<k LS L,UlL;
g —
T4 g ey iy o 1 F g =5 K0 < (14 A1) BV i
AF e i (kg Nicy) =BV i
and
T FragAry <Ky, Frs<kx LiSIyUL;
77—
75T h ey 11y o5 ks F iy =5 Ky < (kg A i) —E298
eyt (kg Axy) PV i O

10. Handling ‘fix’

In Section 9 we proved that if e — ¢/, analysing e will yield exactly one more redex than
analysing ¢’ if the reduction is a consumption and exactly the same redexes if it is not.
In Section 11 we will prove that analysing values yields the empty set of redexes. These
two properties are sufficient to prove that if e reduces to a value, then the analysis will
yield exactly the redexes that are actually reduced. Unfortunately, no expression with a
‘fix” expression will ever reduce to a value! This section handles this problem.

Definition 10.1. For any expression e of type ¢, define
=1,
el =ele"/x].
Definition 10.2. For any expression e, define
e =x
) — o[e /x]
with respect to a variable x free in e.

The idea of this section is to show that there exists m such that the analysis is invariant
under expansion of the reduction rule fix x.e — " (throughout this section, we will
assume that x occurs in e, since the problem is trivial otherwise). The strategy is as
follows:

1 Show that it is no restriction to consider expressions fix x.e with exactly one occurrence
of x (Lemma 10.1).

https://doi.org/10.1017/50960129502003857 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129502003857

C. Mossin 148

2 Show subject expansion for C[fix x.e"] — C[e"] (Corollary 10.1).
3 Show subject expansion for C[fix x.e] — C[fix x.e"™] (Lemma 10.3).

Lemma 10.1. Let e be an expression with n > 0 occurrences of x and no occurrences of
y. Let
T 7'
e . and I ]
Ak Cle] 1 x A FC[(A yely/x])@'x] :
be minimal derivations. Then

!

ﬁi(L)u{ll’}zyf’ - .
AFCle] : k ’ A F C[(A yely/x])@'x] : k

Proof. The proof is trivial from Theorem 9.1. L]

Lemma 10.2. Let ¢ and C be given such that e has exactly one occurrence of x. Then
there exists m and n < m such that if
T
AFCle"] :k
is a minimal derivation, then it contains the judgments A" F ¢" : k" and A" I ™ : k" with
A |pyey= A" |y and k' = k.

Proof. Clearly, for every y free in e, the underlying standard types of A’(y) and A”(y)
are the same. Similarly, the underlying types of x’ and k” are the same. By finiteness of
A (t)/=, there are only finitely many pairs (4 |Fy(,), k), and hence there must exist some
m where we meet a judgment, that has occurred earlier in the derivation. L]

Corollary 10.1. Let m,n be as computed by Lemma 10.2 and
T
AFECle"] 1 x
be the minimal derivation. Then there exists
T
AERC [ﬁx x.e("’_”)] TK

such that
T’ T
T cF|——— .
(A F C[fix x.e™™] : K) (A FCle™] : K)
Proof. The proof is immediate from Lemmas 10.2 and 9.1. l

Lemma 10.3. Let 7, A, k, C and e (with exactly one occurrence of x) be given such that
T
AF Clfixx.e™] 1k

is a derivation. Then there exists .7’ such that

T q 7' T
-7 2 P W .
At Clfixx.e] : k an (A F Clfix x.e] : K> AF C[ﬁx x.e(m)] DK
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Proof. We have the following derivation:

T o

A, x Tk, F 0 - Ko

A X Kk, F eV

A, x ko ™Y

A, x i Fe™ i,
A fixx.e™ Kk,
At C[fixx.e™] : x

Dismantle this derivation according to Lemma 9.1 into
T T 1 T 'm
A, x ik ek A, x kg b ek AX i Kme1 e Kk,

By the property of strengthened assumptions, we find
7 7 . T

A,x:/\x,»l—e:xo A,x:/\kil—ezkl A,x:/\;cil—ezkm
i i i

(where .77} only differs from .77; in the assumptions for x). Then, by (A-I), we have

T, T,
A,x:/\;ql—e:;co A,x:/\;ql—e:xm
A,x:/\xil—e:/\m
i i
Al—ﬁxx.e:/\lci F/\KiSKm
i i
AFfixx.e Kk,

AF Clfixx.e] :

Invariance of the computed flow relations then follows by the construction. [

We summarise Corollary 10.1 and Lemma 10.3 as follows (where we use Lemma 10.1
to generalise to an arbitrary number of occurrences of the fix-bound variable).

Theorem 10.1. Let C[fix'x.e] be given. Then there exists m such that if
T
AFCle" ik’
there exists 7 such that
T’ T’ T
| (e Y N S
AF Clfix'x.e] : k AF Clfix'x.e] : k Ak Cle"] 1k
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If we apply the reduction rule for fix to C[fix'x.e] m times, then, by Theorem 8.1, there

exists a derivation 7 | for the resulting term such that
'(//~’
F(T)=F ( . ) .
AF Clfix'x.e] 1k
But from the derivation i, we can construct a derivation 7, for C[e¢™] such that
F(T 1) = F(J ). Hence we have the following theorem.

Theorem 10.2. Let C[fix'x.e] be given. Then there exists m such that if
AFCle™ : k At Clfix'x.e] :

T T’
Fl-——— | =7 :
(AI—C[e’"] :x) <AI—C[ﬁx1x.e] ;K>

are minimal, then

11. Normal forms

Definition 11.1. We use the notation A A A’ for the environment mapping x to A(x) A A'(x)
if x is in the domain of both 4 and A’, and to A(x) or A’(x) if x is not in the domain of 4’
or not in the domain of A, respectively. We extend this to use the abbreviation 7 A A4 for
the derivation where A is intersected with all environments in .7 (this derivation contains
appropriate subsumption steps at variable occurrences).

Clearly, 7 N A is a valid derivation if 7 is and (7 ) = F (7 A A).

Definition 11.2. We say a property k € 4" is result-empty iff all positively occurring labels
are the empty set {}. Similarly, x is called argument-empty iff all negatively occurring
labels are the empty set {}.

The following theorem states that the analysis need not predict any redexes for values.

Theorem 11.1. If v is a value, there exists 4, x,.7 such that

T T
—_— g- —— =
AFv ik and j(Al‘UIK) z.
Proof. We will show that:

1 For all v not being variables, applications or L, there exists 4,«, 7 such that:
T
@) AlFv:x
(b) A(x) is result-empty for all x
(¢) x is argument-empty.
2 For all 7 and result-empty « there exists 4,7 such that:
ar
@ 15w
(b) A(x) is result-empty for all x.
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It follows from 2(a) that any expression occurring in a ‘consumption’ context can be
given a type where all positively occurring annotations (in particular the top annotation)
are the empty set. Hence, we have

272 y —
j(AI—U:K)_Q'

The proof proceeds by induction over the structure of values. We will just show a few
illustrative cases:

p@'v': If v/ is not a variable or an application, we have, by induction,

4

T
AFv K

where A’ is result-empty and «’ is argument-empty. If ¢’ is a variable or an application,
then the above is true for any result-empty «’ and, in particular, for the argument-
and result-empty «'.
Let any result-empty x be given. Then ¥’ —U « is also result-empty. By induction,
there is

T

ATk -k

where A is result-empty.
We now construct
T NA T ' NA
ANAFT K 58k ANA RO K
ANA Fo@W K

where 4 A A" is result-empty and «x is any given result-empty type.

if! 7 then v’ else v”: By induction we find 4,7 such that

T
A+ : Bool!
and A", A", k', k", 7', 7" such that
3‘/ e9‘//
————— and ————p
AFv ik A" F0v" ik

where 4, A" and A" are result-empty and «/, k¥’ are argument-empty. Let 4" =
ANA NA". Clearly, there exists an argument empty type " such that

T NANA" T"NANA
fﬂ./\A/ /\AH A/// l_ U/ .K’ l_ K! < KH/ A/H l_ v!/ :K” l_ K// < K/H
A" + 7 : Bool! A"V A" YK

A" Fif v then v’ else v : k"
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12. Summarising the results

Sections 9, 10 and 11 prove that the analysis is exact under non-standard reduction. Let
e be any expression. Then:

— By applying Theorem 10.1 to every occurrence of ‘fix’ in e, we have that there exists a
fix-free term ¢’. By Theorem 10.2, the minimal predictable flow of e and ¢ is identical.

— By using Theorem 11.1 as a base case, and applying Theorem 9.1 inductively, we have
that the minimal predictable flow for ¢’ is exactly the redexes met when reducing ¢’ to
a value.

If non-standard reduction reduces e to a value v reducing redexes @, then, by
Proposition 7.3, for any (I,I') € ® there exists a reduction sequence using standard
reduction extended with context propagation rules for (pair) and (if) such that ([,!') is
reduced.

Theorem 12.1 (Exactness). Let e be any expression and let 7 be the minimal derivation
for e. Then, for any (I,I) € #(7), there exists a reduction sequence e — ¢’ such that
(L) € R(e —. ).

Note that the context-propagation rules only involve extensions to the lambda calculus;
the theorem is true for the pure typed lambda calculus using standard f-reduction.

Statman (Statman 1979) shows that decidability of Henkin’s formulation of type theory
can be reduced to deciding whether simply typed lambda terms beta-reduces to the Church
numeral 0.

It follows that deciding whether e —* Ax.4y.y for simply typed pure lambda expressions
e of type (0 — 0) — (0 — 0) is non-elementary recursive.

Assume that our analysis is elementary recursive. Then we can find the minimal
derivation 7 for e@" (A2x;.x;)@5x, in elementary time. By Theorem 12.1, there exists
Iy such that (I4,1) € Z#(7) if and only if there exists a reduction sequence from
e@h(2hxy.x1)@"x,, where A% is consumed at some application. But this is the case
if and only if e reduces to a lambda term different from Ax.Zy.y. By Statman’s theorem,
our assumption must be wrong, and we can conclude that our analysis is non-elementary
recursive.

13. Related work

Intersection Types It is well known that the intersection type discipline gives an exact
characterisation of normalising lambda-terms (Coppo et al. 1981; Barendregt et al. 1983) —
the proof of this is along the same lines as our proof of exactness of the analysis for fix-free
expressions: prove invariance under reduction and that all normal-forms are typable.

Type-based analysis Type-based analysis has received considerable attention over the last
decade. The analyses can be divided into Church and Curry style.

In Church style analysis, the language of properties is defined in terms of the underlying
standard types. A special case is annotated types where the language of properties is
found by adding annotations to type constructors (we do not consider our analysis
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an instance of annotated types due to the intersection). Examples of Church style
analyses are: binding-time analysis (Nielson and Nielson 1988 ; Henglein and Mossin 1994;
Dussart et al. 1995), strictness analysis (Kuo and Mishra 1987; Kuo and Mishra 1989;
Wright 1991; Jensen 1992; Benton 1992), boxing analysis (Leroy 1992; Henglein and
Jorgensen 1994; Jorgensen 19995), totality analysis (Solberg 1994; Solberg 1995) and flow
analysis (Heintze 1995; Mossin 1997a; Faxén 1997). Effect systems also belong in this
category (Lucassen and Gifford 1988; Talpin and Jouvelot 1994).

In Curry style analysis, the analysis makes no use of the underlying type structure.
This often makes the analysis applicable to untyped languages but fails to exploit
the structural information of the underlying types. Examples are: binding-time analysis
(Gomard 1989), dynamic typing (Henglein 1994) and flow analysis (Banerjee 1997; Heintze
and McAllester 1997).

Flow analysis Closure analysis (Sestoft 1991) and control flow analysis (Shivers 1991)
both address the same problem as the analysis presented in this paper. These analyses,
however, only only deal with the flow of higher order values.

Shivers (Shivers 1991) describes a family of analyses kCFA for all k. It is shown in
Mossin (1997a) that, in contrast to popular belief, 0OCFA differs from closure analysis:
Shivers’ family of analyses is evaluation-order dependent’.

Palsberg later gave a constraint formulation of closure analysis (Palsberg 1994). Palsberg
and O’Keefe showed that the type information derived using closure analysis corresponds
to Amadio—Cardelli typing (Palsberg and O’Keefe 1995). Independently, Heintze showed
the same result and the converse (Heintze 1995), by annotating Amadio—Cardelli typings,
closure analysis is derived.

Heintze and McAllester define a variant of Palsberg’s constraint formulation of closure
analysis (Heintze and McAllester 1997). Termination of the analysis relies on the fact
that the analysed program is well-typed — if the size of types is bounded the analysis
will run in quadratic time (in contrast to Palsberg’s cubic algorithm). The present author
independently achieved the same time complexity (Mossin 1998). This variant explicitly
uses the structure of the type derivation in the construction of a flow graph.

Shivers’ analyses are abstractions of an instrumented semantics. This semantics is
defined using contours that keep track of different live instances of variables — kCFA
makes the set of contours isomorphic to Call* where Call is the set of call-sites. The
instrumented semantics can be thought of as an exact (though undecidable) flow analysis.

More refined instrumented semantics have been proposed by Jaganathan and Weeks
(Jaganathan and Weeks 1995) and by Nielson and Nielson (Nielson and Nielson 1997).
Both allow a wider choice of abstractions and thus provide good starting points for the
development of practical analyses.

Independently of the present work, Banerjee has studied rank 2 intersection based
flow analysis (Banerjee 1997). The goal of his work is practical (modularity and increased
precision compared to closure analysis), but an assessment of the practicality (in particular,

 The notion of evaluation-order dependency is well known in the imperative data-flow community, but has
received little attention for higher-order programming languages.
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complexity) of his analysis is made difficult by the lack of a clear-cut separation between
standard type system and flow information. Rank 2 intersection is indeed a promising way
of abstracting our analysis, but further studies are needed — it is likely that the techniques
employed here could be used to prove exactness of rank 2 intersection flow analysis on
first-order terms.

The present author has described (Mossin 1997a) a family of flow analyses based on
types: simple flow analysis, subtype flow analysis (which is equivalent to closure analysis),
polymorphic flow analysis (with polymorphic recursion) and the intersection flow analysis
presented here. Independently, Faxén gives a flow analysis with let-polymorphism in
annotations (Faxén 1997).

14. Conclusion

We have presented a flow analysis for a higher-order typed language with recursion, and
proved that the analysis is exact: if the analysis predicts a redex, then there exists a
reduction sequence such that this redex will be reduced.

The analysis is decidable but the precision of the analysis implies that it is non-
elementary recursive. This is, however, no worse (or better) than the complexity of
strictness analysis, and we believe that intersection based flow analysis (as strictness
analysis) provides a good starting point for developing practical analyses.

Finally, we believe that the technique of using invariance under reduction as a
characterisation of the precision of analyses can be useful for reasoning about other
analyses as well. In particular, the idea of proving invariance under non-standard reduction
and relating this to standard reduction seems useful.
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