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Abstract

Higher-order typed languages, such as ML, provide strong support for data and type ab-
straction. While such abstraction is often viewed as costing performance, there are situations
where it may provide opportunities for more aggressive program optimization. Specifically, we
can exploit the fact that type abstraction guarantees representation independence, which allows
the compiler to specialize data representations. This paper describes a first step in support-
ing such optimizations; namely a modular control-flow analysis that uses the program’s type
information to compute more precise results. We present our algorithm as an extension of Ser-
rano’s version of 0-CFA and we show that it respects types. We also discuss applications of the
analysis with a specific focus on optimizing Concurrent ML programs.

1 Introduction

One of distinguishing characteristics of the ML family of languages is the module system, which
provides strong support for data and type abstraction, as well as for modular programming. While
such abstraction is often been considered as a source of overhead that reduces program perfor-
mance! it has the important benefit of isolating clients of interfaces from implementation details,
such as data representation. What is somewhat surprising is that, to the best of our knowledge,
existing implementations of ML-like languages do not take advantage of abstractions in the source
program to optimize data representatiogts, We are interested in such optimizations, particularly

in the case of CML-style concurrency abstractions [Rep91, Rep99].

Control-flow information is not syntactically visible in higher-order languages, such as ML, so
compilers must useontrol-flow analysi§CFA) algorithms to enable more advanced optimizations.

1For example, Andrew Appel reports that switching to a concrete representation of graphs in the Tiger compiler
improved performance of liveness analysis by almost a factor of about ten [App98].



In this paper, we present a modification of 0-CFA, a particular class of CFA [Shi88, Ser95]. Our
modification exploits type abstraction to improve the accuracy of analysis (and thus enable more
optimizations), without requiring whole-program analyskZhile our approach is presented in the
context of a specific analysis, we believe that it is a general technique that can integrated into other
flavors of flow-analysis for higher-order languages.

Our analysis is based on the observation that if a type is abstract outside the scope of a module,
then any value of that type must have been created inside the module at one of a statically known
set of program points. We exploit this fact by computing for each abstract type an approximation of
the values that escape the module into the wild, and thus might return. We use this approximation
when confronted with an unknown value of the given type. To extend this mechanism to higher-
order functions, we also use a more refined representatioopofalues that is indexed by type.

For example, the result of calling an unknown function that returns a value of an abstract type
can be approximated by the escaping values of that type. While these changes have the potential
to significantly improve the quality of information provided by an analysis, they do not require
significantly more implementation complexity.

The remainder of this paper is organized as follows. In the next section, we briefly review
Serrano’s version of CFA, which serves as the basis of our algorithm, and give an example of how
exploiting knowledge of type abstraction can produce a better result. Then, in Section 3, we present
our type-sensitive analysis algorithm. In Section 4, we address correctness issues with a focus on
the type correctness of the analysis. We present our algorithm using a stripped down version of
Core SML. In Section 5, we discuss how the algorithm can be extended to cover a greater fraction
of ML features. Our motivation for this research is the optimization of CML-style concurrency
mechanisms and we discuss that application as well as others in Section 6. We review related work
in Section 7 and conclude in Section 8.

2 Background

In this section, we give a brief overview of Serrano’s version of CFA [Ser95], which we use as the
basis of our algorithfhand we motive our improvements.

Serrano’s analysis computes an imperative mapgirtgat maps variables to their approximate
values. The approximate values drewhich denotes an approximation not yet computedyhich
denotes an unknown value, and finite sets of function names. It is straightforward to extend this set
of values with basic constants., booleans and integers) and data constructarg uples).

20ur technique does not provide an advantage of quality over whole-program CFA, but whole program analysis is
often not a practical choice, since it interferes with separate compilation and does not scale well to large programs.

30ur approach does not depend on the specifics of Serrano’s algorithm and should be applicable to other versions of
CFA.



A function is said toescapéf it can be called at unknown sites. There are several ways that
a function might escape: it may be exported by the module, it may be passed as an argument to
an unknown function, or it may be returned as the result of an escaping function. If a fuyiction
escapes, thed must be defined to mafis parameters ta@, since we have no way of approximating
them. But in a program that involves abstract types, we can exploit the type abstraction to compute
better approximations. For example, consider the following SML code:

abstype t = C of int list
with
fun new x = C[X]
fun pick (C(x:0)) = X
end

The programmer knows that thpick function can never raise atch exception, even though

it is defined using a non-exhaustive match. Without a whole-program analysis, existing compilers
will not recognize this fact. Our analysis, however, uses the fact thatttyipeabstract, and will
reflect the fact that any value passegbick as an argument must have been createddy.

3 Type-sensitive CFA

We are now ready to present our type-sensitive CFA algorithm. Our main modifications to Serrano’s
algorithm [Ser95] are:

e we use a more refined representation of approximate values
e we compute an additional approximati@nthat tracks escaping values of abstract type.

e our algorithm is presented as a functional program without side effects.

3.1 Preliminaries

We present our algorithm in the context of a small typed language. This language is a monomorphic
subset of Core SML [MTHM97] with explicit typés Standard ML and other ML-like languages

use modules to organize code and signature ascription to define abstraction. For this paper, we use
theabstypedeclaration to define abstractions in leu of modules. We further simplify this declaration

to only have a single data constructor. Figure 1 gives the abstract syntax for this simple language.
The top-levebhbstypedeclaration is the unit of analysis (a program consists of a collection of these).
Eachabstypedefinition defines a new abstract ty[¥e) @nd corresponding data constructof) @nd

“We discuss handling polymorphic types and user-defined type constructors in Section 5.
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d == abstypeT = C of 7 with fb, --- fb, end
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Figure 1: A simple language

a collection of functionsfp;). Outside theabstypedeclaration, the typ&’ is abstracti(e., the data
constructoiC' is not in scope). The expression forms include let-bindings, nested function bindings,
function application, data-constructor application and deconstruetiom tuple construction and
projection. Types include abstract typél)( function types, and tuple types. Abstract types are
either predefined typeg.g, unit ,int , bool , etc) or are defined by aabstypedeclaration.

We assume that variables, abstract-type names, and data-constructor names are globally unique.
We also assume that variables and constructors are annotated with their type. We omit this type
information most of the time for the sake of brevity, but, when necessary, we write it as a superscript
(e.g, 7). One should think of this language as a compiler’s intermediate representation following
typechecking.

We use L\AR to denote the set of variables defined in the programasid denote variables
defined elsewhere, anda¥ = LVARUGVAR for all variables defined or mentioned in the program.
We denote the known function identifiers byID C LVAR (i.e, those variables that are defined
by function bindings). The set#sTY is the set of abstract type names anarBCON is the set of
data constructors.

®In a language with sum types, deconstruction would be replaced by a case expression.



3.2 Abstract values

The analysis computes a mapping from variables to approximate values, which are given by the
following grammar:
[

whereC' € DATACON, F € 2FUNIP andT € ABSTY. We usel to denote undefined or not yet
computed values(' v for an approximate value constructed by apply@ido v, (vy, ..., v,) for

an approximate tuple, anfl for a set of known functions. Our analysis will only compute sets of
functionsF’ where all the members have the same type (see Section 4 for a proof of this property)
and so we extend our type annotation syntax to include such sets. In addition to thecpnvgleie

found in most presentations of CFA, we have a family of top valagmflexed by type. The value
represents an unknown value of typéwherer is either a function or abstract type). The auxiliary
function/ : TYPE — VALUE maps types to their corresponding top value:

~

ur) = T
UL —Te) = T — T2

UTL X - X)) = UML), ..., U(Tn))

Lastly, theT value is used to cutoff expansion of recursive types as described below.
We define thgoin of two approximate values as follows:

1LVvo = v
vV L v
CviVCuy C('Ul \/1)2)
(U1, coy ) VUL, oo 0l = (v VUL, o o VL)
FVF = FUF’
TV
vV T
TV
vV T =

I
L Ve B

Note that this operation is not total, but it is defined for any two approximate values of the same
type and we show in Section 4 that it preserves types.



One technical complication is that we need to keep our approximate values finite. For example,
consider the following pathological example:

abstype ' = C of T'with fun f () = Cz end

If we are not careful, our analysis might diverge computing ever larger approximati@rf¥ of )
as the result off. To avoid this problem, we define a limit on the depth of approximations for
recursive types as follows:

He = o foec
. T i €
[ ] = {C(MCU{C}) if ¢ C
[(v1, oy on) e = (Jvilgy -5 [onle)
[FWC = F
Flo = 7

whereC C DATACON is a set of constructors. We wrife] for [v],. We useT to cutoff the expan-

sion of approximate values instead®the approximation of escaping values of typenay not be

an accurate approximation of the nested values. This definition does not allow nested applications
of the same constructor. For example, the analysis will be forced to approximate the escaping values
of typeT by C' T in the above example.

3.3 CFA

Our analysis algorithm uses a triple of approximatiads= (V, R, 7 ), where

Y € VAR — VALUE variable approximation
R € FuUNID — VALUE function-result approximation
T € ABSTY — VALUE escaping abstract-value approximation

OurV approximation corresponds to Serrand'sThe’R approximation records an approximation

of function results for each known function; this approximation is used in leu of analysing a func-
tion’s body when the function is already being analysed and is needed to guarantee termination. We
use theZ approximation to interpret abstract values of the farm

We present the analysis algorithm using SML syntax extended with mathematical notation such
as set operations, and tkieoperation on approximate values. We use the notdtipito denote an
object-language syntactic forerendV [z — v] to denote the functional update of an approximation
(likewise forR andT A).

Our unit of analysis is the abstype declaration. Our algorithm analyses the function definitions
in the declaration repeatedly until a fixed-point is reached. The initial approximation map local
variables, function results, and abstract types t@and map global variables and external types to
unknown values.



fun cfa [abstypeT = C of 7 with fb; --- fb, end] = let

fun iterate Ay = let
val A; = cfaFB ( Ag, fb;)
val A, = cfaFB ( A,_1, fb,)
in
if (A # An)
then iterate A,
else A
end
let V ={z — L|xelVAR} U {x — U(T) | 2™ € GVAR}
let R = {f — L] fe€FunID}
let 7T

= {T — 1} U {S — §|Se(ABsTY\ {T})}
in

iterate ( V, R, T)
end

ThecfaFB function analyses a function binding in the abstype declaration by “applying” the
function to the top value of the function’s argument type. The result is then recorded as escaping.

fun cfaFB ( A, [fun f(z7) = ¢]) = let

val (A, v) = applyFun ( {}, A, f, U(7))
in

escape ( {}, A, v)
end

The applyFun function analyses the application of a known functipto an approximate
valuev. The first argument tapplyFun is a sefM € 27N of known functions that are currently
being analysed; if is in this set, then we use the approximati®rinstead of recursively analysing
the f's body. This mechanism is necessary to guarantee termination when analysing recursive

functions. We assume the existence of the fundtiomingOf  that maps known function names
to their bindings in the source.



fun applyFun ( M, A as (V, R, 7), f, v) =
if feM
then (A, R(f))
else let
val [fun f (z) = €] = bindingOf ()
val vV = V[z— [V(z)Vv]]
val (( V, R, T), 1)
cfaExp ( MU{f}, (V, R, T), [e])
val R = R[f [R()Vr]]
in
(v, R, 1), 1)
end

The escape function records the fact that a value escapes into the wild. If the value has an
abstract type, then it is added to the approximation of wild values for the type; if it is a set of known
functions, then we apply them to the appropriate top value; and if it is a tuple, we record that its

subcomponents are escaping. Bseape function also takes the set of currently active functions
as its first argument.

fun escape (, ( V, R, 7), Cv) =
(V, R, T[T~ [T(T)VvCuvl]])
| escape ( M, A, F) = let
fun esc ( f — ™2, A) = let
val ( A, v) = applyFun( M, A, f, U(n))

in A end
in
fold esc A F
end
| escape ( M, A, (vi,...,v,)) = let

val A = escape ( M, A, wv1)

val A = escape ( M, A, wv,)
in A end
| escape (_, A v) = A

Expressions are analysed by to@Exp function, whose code is given in Figure 2. This
function takes the set of active functions, an approximation triple, and an syntactic expression as
arguments and returns updated approximations and a value that approximates the result of the ex-
pression. For function applications, we use #pply helper function (discussed below) and for
value deconstruction, we use tecon helper function, which handles the deconstruction of ap-
proximate values and their binding to variables. When the value is unkriawhfo, then we use
the7 approximation to determine the value being deconstructed.



fun cfaExp ( M, A as (V, R, T), [z]) =
if xeFuNID then (A, {z}) else ( A V(x))
| cfaExp ( M, A, [letz = e;ines]) = let
val (( V, R, 7), v) =cfaExp ( M, A, [ei])
val V = V[jz— [V(z)V]]
in
cfaExp ( M, (V, R, T), [e2])
end
| cfaExp ( M, A, [fun f(z) = e;ineg]) =
cfaExp ( M, A, [e2])

| cfaExp ( M, A, [e;e]) = let
val (A, v)) = cfaExp ( M, A, [e])
val (A, wv) = cfaExp ( M, A, [es])
in
apply( M, .A, V1, ’UQ)
end

| cfaExp ( M, A, [Ce]) = let
val (A, v) = cfaExp ( M, A, [e])
in
(A, Cv)
end
| cfaExp ( M, A, [let Cz = e;ines]) = let
val (( V, R, 7), v) =cfaExp ( M, A, [ei])
val V =decon (V, 7, [Cz], v)
in
cfaExp ( M, (V, R, T), [ea])
end
| cfaExp ( M, A, [{e1,...,en)]) = let
val (A, wv) =cfaExp ( M, A, [ei])

va.I (A wv,) =cfaExp ( M, A, [es])
in
(A, (v1,...,0,))
end
| cfaExp ( M, A, [#ie]) = let
val (A, (vi,...,v,)) = cfaBxp ( M, A, [e])
in
(A v)
end

Figure 2: CFA for expressions



fun decon ( V, 7, [Cz], Cv) = V[z+— [V(z)Vv]]]
| decon ( v, 7, [CTTx], T) = (case T(T)
of T => Vjz— [V(z)VU(T)]]
| v =>decon( V, 7, [Cz], v)

d

(* end case *))

Theapply function records the fact that an approximate function value is being applied to a
approximate argument. When the approximation is a set of known functions, then we apply each
function in the set to the argument compute the join of the results. When the function is unknown
(i.e., a top value), then the argument is marked as escaping and the result is the top value for the
function’s range.

fun apply ( M, A, F, arg) = let
fun applyf ( f, ( A, 7es)) = let
val ( A, v) = applyFun ( M, A, f, arg)
in
(A, resVw)
end
in
fold applyf ( Vv, T) F
end
| apply ( M, A, 71— 7, v) = let
val A = escape( M, A, v)
in
(A 72)
end

4 Correctness of the analysis

The correctness of our analysis can be judged on several dimensions. First, there is the question of
safety: does the analysis compute an approximation of the actual computation. We believe that the
proof of this property for other versions of CFA carry over directly to our algorithm. Likewise, the
guestion of whether the algorithm terminates has been addressed by Serrano [Ser95] (the bounding
of the sizes of abstract values is crucial to the termination of the fixed-point iteration). In this section,
we focus on a third correctness issue, which is the question of type corredtagsge show that

the approximation that our algorithm computes is type correct.
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- fb, : Ok ---  fb : Ok
+ abstype T' = C™7T of 7 with fb; --- fb,, end : Ok

Fe:m
F fun f1—=m (27) = e : Ok

[ A o

Fe:n F e :m

Fletz™ = ejiney @ 1

F fun f(z) = e; : Ok Foe 7
F fun f(z) = e1iney : 7

Fe :m—T Foex:m

|—€162:T

Fe:T
FC—Te:.T

Fe : T Foe:m
FletC~Tx™ =ejiney : ™

Fe:mm - Foe,:m,
Folel, ..., en) t T1 X -0 X Ty
Fe:mx- - X7, 1<i<n
F #ie:w;

Figure 3: Typing rules for declarations, function bindings, and expressions

4.1 Code typing rules

Since we assume that programs have already been typechecked and that variables and data-constructors
are annotated with their types, the typing rules for our language do not require a context. We have
three judgment forms:

F d: Ok the declarationl is well-typed
F fb: Ok the function binding® is well-typed
Fe:r the expression is well-typed and has type

The typing rules for our language are straightforward and are given in Figure 3.
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F 7 : Type

F oLl T
Fo:T
FC—Ty: T
Fovi:img o0 ooy,
(vl oovyUn) 1 TE X oo X Ty

Ff:7—7 foral feF
e

FToT
F 7 : Type
e

Figure 4: Typing rules for approximate values

4.2 Value typing rules

We also define typing rules for approximate values (again annotations take the place of context).
These rules are given in Figure 4. Note that thand T values can have any well-formed type.

4.3 Type correctness of the analysis

We say that a variable approximatidhis type consistentvith respect to a code fragmeritef,
declaration, function binding, or expression), if for all variabl€ésdefined or mentioned in the
fragment,z € dom(V) and- V(z) : 7. A function-result approximatiofR is type consistent
with respect to a fragment if for all functiong§™—"2 defined in the fragmentf € dom(R) and
F R(f) : m. Likewise, an approximatiod is type consistenwith respect to a fragment if
for all type names defined or mentioned in the fragmé&hts dom(7) and+ 7(T') : T. An
approximation tripled = (V, R, 7) is type consistent if its components are type consistent.

Our main result is thatfaExp computes type correct approximations (espects typgsbut
we need the following lemma first, which says that theperator preserves types.

Lemmal If - v; : Tandk vy : 7, thenk vy Vg : 7.

Proof: The proof two parts. First, we can prove thatifv, : 7 and- vy : 7, then
v1 V v9 is defined (recall that is partial) by case analysis of the shaperoénd the

12



typing rules. Then, a simple inductive argument showsthat vV vy : 7 O

Theorem 2 Given an expression, witht- e : 7, and a type consistent approximation tripie V,
and7, if cfaExp ({}, A, e) returns the resul{.A’, v), then A4’ is type consistentand v : .

Proof: This theorem is proven by induction on the structure of the expressions. The
induction is well-founded because the analysis never examines a function’s body if it is
already being analysed. a

Since the initial approximationg and7 in cfa are type consistent, the above theorem guar-
antees that the resulting approximation will be type consistent.

5 Extensions

We presented our algorithm as a modification of 0-CFA, but we see no reason why our techniques
will not extend to similar program analysesd, sub-zero CFA [AD98] or 1-CFA [Shi91]).

We have also used a greatly reduced subset of Core SML to present our approach. In the
remainder of this section, we discuss extensions to other ML features.

5.1 Modules

Our example language uses thlestype declaration as its unit of modularity and analysis. This
feature has been depreciated in SML in favor of using modules and signature ascription, so to
extend our technique to the full ML language, we need to have a different way of identifying abstract
types. We propose to make the initialization of theapproximation map depend on the module’s
signature. If a datatype has the specification

datatype T = C of 7

in the signature, then we initializ€(7") to C(7), instead of theL. This initialization reflects the
fact that clients of the module can construct values of ff/pesing the constructar'.

Another issue is that abstract types can be defined without data constructors using opaque sig-
nature matching. For example,

13



structure S :> sig
type set
val singleton : int -> set
val member : (set * int) -> bool

end = struct
type set = int list
fun singleton x = [X]
fun member (s, x) = Listexists (fn y => (x = y)) s

end

In this situation there are no syntactic signposts to mark the type abstractions. We believe that we
can use the signature as a guide to rewrite the module’s code by adding annotations to mark the
abstractions. For example, the above code would become

fun singleton x = ABS[X]
fun member (ABS s, x) = Listexists (fn y => (x = y)) s

whereABSmarks the abstraction barriers.

5.2 Polymorphism and type constructors

We presented our analysis for a language without polymorphism or user-defined type constructors.
The main impact of extending it to a richer type system is the representation of top valudg. The
function gets extended as follows:

Ua) = T
UTT) = 7T
We also extend the domain of tdeapproximation to include abstract-type constructor applications.

We believe that tracking each distinct application of an abstract-type constructor will be useful in
optimizing modules that use phantom types in their interfaces.

5.3 Datatypes

Theabstypedeclarations in our language are limited to single constructors. Extending the language
with ML datatypes suggests a corresponding extension of approximate values to include sets of
tagged values. The analysis then takes some of the aspects of shape analysis [NNH99, Section 2.6]
and one might want a cutoff on recursive values that is more generous.

14



abstype serv = S of (int * int chan) chan
in
fun new () = let
val reqCh = channel()
fun server v = let
val (req, replCh) = recv reqCh
in
send(replCh, v);
server req
end
in
spawn (server 0);
S reqCh
end
fun call (S ch, v)
val replCh
in
send (ch, (v, replCh));
recv replCh
end

let
channel()

end

Figure 5: A simple service with an abstract client-server protocol

6 Applications

Serrano’s paper [Ser95] describes a number of applications of CFA aHaNs= compiler. Many

of these applications, such as identifying known functions, are also useful in ML compilers. Our
algorithm will provide as good, or better information without a significant increase in implementa-
tion complexity. Furthermore, there are applications where we believe our techniques are necessary
to achieve the desired optimizations. We discuss these applications below.

6.1 Optimizing CML

The algorithm presented in this paper is part of an effort to develop analysis and optimization tech-

niques for CML-style concurrency features. For example, consider the simple service implemented
in Figure 5. Thenew function creates a new service, which is represented by an abstract type, and

thecall function allows clients to request the service. Our goal is to develop analyses that can

detect that the server’s request channe|Ch ) is used by potentially many different senders, but

by only on receiver, and that the reply channel allocated for a given reqapfth ) is used only

once. These properties allow the optimizer to replace the general channel operations with more

15



fun new () = let

val (req, replCh) = rec¥v
in

send(replCh, v);

server req
end

- S~ b,

4
'\ Unknown
clients

fun call ((S ch), v) = let
aY "replCh = channel()
in

send (, (v, replCh));
recv replCh
end

Figure 6: Data-flow of the server’s request channel

specialized ones.

Figure 6 illustrates the flow of the server’s request channel. Note that while the unknown clients
of the service may store thesarv value in data structurestc., they may not access the internal
representation and perform operations directly on the request channel. The analysis presented in
this paper can detect this flow pattern (when extended for concurrency operations).

6.2 Representation optimization

There are a number of techniques for optimizing data representations that can be applied when one
knows all of the sites where the data structure is created and accessed. For example, data structures
might be flattened, which reduces space and improves access time, and fields might beigacked (
storing booleans in a byte instead of a word), which reduces space. One can also reorganize the
order of fields to improve cache performance [CDL99]. Our analysis can provide the information

to enable these transformations.
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7 Related work

The application of control-flow analysis for higher-order functional languages dates back to Shiv-
ers’ seminal work on control-flow analysis foc8EME [Shi88, Shi91]. Many variations of this
approach have been published including Serrano’s algorithm on which we base the presentation in
this paper [Ser95].

There is a significant body of work that falls into the intersection of type systems and program
analysis. Some researchers have used control-flow analysis to compute type information for untyped
languages [Shi91], while others have used type systems for program analysis [Pal01, Jen02]. It
is likely that a type-bvased CFA could be extended to exploit type abstraction (presumably via
the addition of singleton types). We chose to base our analysis on an abstract-interpretation style
algorithm because we find it more intuitive.

Perhaps the most closely related work has been on using type information to guide analyses.
For example, Jagannathanal. devised a flow analysis for a typed intermediate language as one
might find in an ML compiler. Their analysis uses type information to control polyvariance in the
analysis and they prove that the analysis respects the type system [JWW97¢t @hhesed type
information to improve the performance of a demand-driven implementation of CFA [SHO98] in
the SML/NJ compiler. Lastly, Diwaet al. used type information to improve alias analysis for
textscModula-3 programs [DMM98]. We are not aware of any existing algorithms that use type
abstraction to track values leaving and re-entering the unit of analysis as we do.

8 Conclusion

We have presented an extension of control-flow analysis for ML that exploits type abstraction
present in the source program to improve the quality of the analysis. Our technique is based on
the combination of a more refined representation of unknown values and computing an approxima-
tion of abstract values that escape into the wild. We showed that our analysis respectsdypes (
computes a type-correct approximation) and we discussed several applications with a special focus
on optimizing CML programs.
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