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Abstract

When scripts in untyped languages grow into large programs)-
taining them becomes difficult. A lack of types in typical iptr
ing languages means that programmers must (re)discovaactri
pieces of design information every time they wish to changeoa
gram. This analysis step both slows down the maintenancegso
and may even introduce mistakes due to the violation of wogis
ered invariants.

This paper presents Typed Scheme, an explicitly typed exten
sion of an untyped scripting language. Its type system isdas
the novel notion obccurrence typingwhich we formalize and me-
chanically prove sound. The implementation of Typed Schadie
ditionally borrows elements from a range of approachedudéc
ing recursive types, true unions and subtyping, plus pohaimism
combined with a modicum of local inference. Initial expeeimts
with the implementation suggest that Typed Scheme nayuaaH
commodates the programming style of the underlying saigdan-
guage, at least for the first few thousand lines of ported.code
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1. Type Refactoring: From Scripts to Programs

Recently, under the heading of “scripting languages”, @&taof
new languages have become popular, and even pervasivebin we
and systems-related fields. Due to their popularity, pnognars
often create scripts that then grow into large applications

Most scripting languages are untyped and have a flexiblersema
tics that makes programs concise. Many programmers fine thes
attributes appealing and use scripting languages for ttess®ons.
Programmers are also beginning to notice, however, thgpedt
scripts are difficult to maintain over the long run. The latkypes
means a loss of design information that programmers musveec
every time they wish to change existing code. Both the Pem-co
munity (Tang 2007) and the JavaScript community (ECMA ter
national 2007) are implicitly acknowledging this probleritiwthe
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addition of Common Lisp-style (Steele Jr. 1984) typing ¢nmngs
to the upcoming releases of their respective languages.

In the meantime, industry faces the problem of porting exgst
application systems from untyped scripting languagesedytped
world. Based on our own experience, we have proposed a theore
ical model for this conversion process and have shown théiapa
conversions can benefit from type-safety properties to gsired
extent (Tobin-Hochstadt and Felleisen 2006). The key apsam
behind our work is the existence of an explicitly typed vensof
the scripting language, with the same semantics as thaatilgin-
guage, so that values can freely flow back and forth betwgeadty
and untyped modules. In other words, we imagine that program
mers can simply add type annotations to a module and thws intr
duce a certain amount of type-safety into the program.

At first glance, such an assumption seems unrealistic. 8mogr
mers in untyped languages often loosely mix and match réagon
from various type disciplines when they write scripts. Véoran
inspection of code suggests they also include flow-oriereadon-
ing, distinguishing types for variables depending on pdpera-
tions. In short, untyped scripting languages permit prograhat
appear difficult to type-check with existing type systems.

To demonstrate the feasibility of our approach, we have de-
signed and implemented Typed Scheme, an explicitly typed ve
sion of PLT Scheme. We have chosen PLT Scheme for two rea-
sons. On one hand, PLT Scheme is used as a scripting language
by a large number of users. It also comes with a large body of
code, with contributions ranging from scripts to librarteslarge
operating-system like programs. On the other hand, theukzge
comes with macros, a powerful extension mechanism (FI&2R0
Macros place a significant constraint on the design and imgie
tation of Typed Scheme, since supporting macros requines-ty
checking a language with a user-defined set of syntactic form
We are able to overcome this difficulty by integrating theetyp
checker with the macro expander. Indeed, this approach @nds
greatly facilitating the integration of typed and untypeddules.

As envisioned (Tobin-Hochstadt and Felleisen 2006), thtisgra-
tion makes it easy to turn portions of a multi-module progiato
a partially typed yet still executable program.

Here we report on the novel type system, which combines the
idea of occurrencetyping with subtyping, recursive types, poly-
morphism and a modicum of inference. We first present a formal
model of the key aspects of occurrence typing and prove ieto b
type-sound. Later we describe how to scale this calculasarfill-
fledged, typed version of PLT Scheme and how to implement it.
Finally, we give an account of our preliminary experienaigiag
types to thousands of lines of untyped Scheme code. Ouriexper
ments seem promising and suggest that converting untypigdssc
into well-typed programs is feasible.



2. Overview of Typed Scheme

The goal of the Typed Scheme project is to develop an expjipé
system that easily accommodates a conventional Schemeaprog
ming style. Ideally, programming in Typed Scheme shoultlifiee
programming in PLT Scheme, except for typed function anacstr
ture signatures plus type definitions. Few other changesidioe
required when going from a Scheme program to a Typed Scheme
program. Furthermore, the addition of types should recmirela-
tively small effort, compared to the original program. Ttaguires
that macros, both those used and defined in the typed prograst,
be supported as much as possible.

Supporting this style of programming demands a significent r
thinking of type systems. Scheme programmers reason afveint t
programs, but not with any conventional type system in miltiy
superimpose on their untyped syntax whatever type (or aigly
discipline is convenient. No existing type system couldezal of
these varieties of reasoning.

Consider the following function defintich:

;; data definition: a Complex is either
;; - a Number or
;1 - (cons Number Number)

;; Complex— Number
(define(creal ¥
(cond [(number? xx]
[else(car X)]))

As the informal data definition states, complex humbers epeer
sented as either a single number, or a pair of numbers (cons).

The definition illustrates several key elements of the wayt th
Scheme programmers reason about their programs: ad-hec typ
specifications, true union types, and predicates for tygéng
No datatype specification is needed to introduce a sum type on
which the function operates. Instead there is just an “mfdf data
definition and contract (Felleisen et al. 2001), which giaesame
to a set of pre-existing data, without introducing new comgbors.
Further, the function does not use pattern matching to tiibpan
the union type. All it uses is a predicate that distinguistmestwo
cases: the firstond clause, which deals withas a number and the
second one, which treats it as a pair.

Here is the corresponding Typed Scheme code:

(define-type-aliasCplx (| Number (consNumber Number)))

(define: (creal [x: CplX]) : Number
(cond [(number? ¥xx]
[else(car X)]))

This version explicates both aspects of our informal remgpThe

type Cplxis an abbreviation for the true union intended by the pro-

grammer; naturally, it is unnecessary to introduce typerabb-

tions like this one. Furthermore, the bodyaréal is not modified

at all; Typed Scheme type-checks each branch of the conditio

appropriately. In short, only minimal type annotations ieguired

to obtain a typed version of the original code, in which tHeiimal,

unchecked comments become statically-checked desigrertesm
More complex reasoning about the flow of values in Scheme

programs is also accomodated in our design:

(foldl scene-rectangle empty-scene
(filter rectangle? list-of-shapgs

1 standards-conforming Scheme implementations providersmtex num-
ber datatype directly. This example serves only exposioirposes.

2|n this paper, we typeset Typed Scheme code in a manner theisdi
slightly from what programmers enter into an editor.

This code selects all thectangles from a list of shapes, and then
adds them one by one to an initially-empty scene, perhapgybei
prepared for rendering to the screen. Even though the lifigta
of-shapesmay contain shapes that are nettangles, those are
removed by théfilter function. The resulting list contains only
rectangles, and is an appropriate argumenst@ne-rectangle

This example demonstrates a different mode of reasoning tha
the first; here, the Scheme programmer uses polymorphisrthand
argument-dependent invariantsfilifer to ensure correctness.

No changes to this code are required for it to typecheck iredlyp
Scheme. The type system is able to accommodate both modes of
reasoning the programmer uses with polymorphic functiams$ a
occurrence typing. In contrast, a more conventional typstesy
would require the use of an intermediate data structurdy as@n
option type, to ensure conformance.

2.1 Other Type System Features

In order to support Scheme idioms and programming stylgzedy
Scheme supports a number of type system features that hame be
studied previously, but rarely found in a single, full-fledgim-
plementation. Specifically, Typed Scheme supports trueruni
types (Pierce 1991), as seen above. It also provides fass@oly-
morphic functions, known as impredicative polymorphisnfiea
ture of the Glasgow Haskell Compiler (Vytiniotis et al. 2008
addition, Typed Scheme allows programmers to explicitigcsy
recursive types, as well as constructors and accessorsdratge
the recursive types automatically. Finally, Typed Schenoeiges
arich set of base types to match those of PLT Scheme.

2.2 S-expressions

One of the primary Scheme data structures is the S-expressio
We have already seen an example of this in the foregoingosecti
where we used pairs of numbers to represent complex numbers.
Other uses of S-expressions abound in real Scheme codedimg|
using lists as tuples, records, trees, etc. Typed Schentkdsathese
features by representing lists explicitly as sequencemn$cells.
Therefore, we can give an S-expression as precise a typsiasdie

For example, the expressiolis{ 1 2 3) is given the type dons
Number (consNumber (consNumber ’()))), which is a subtype

of (Listof Number).

Sometimes, however, Scheme programmers rely on invariants
too subtle to be captured in our type system. For example, S-
expressions are often used to represent XML data, withostt fir
imposing any structure on that data. In these cases, Typesh®&c
allows programmers to leave the module dealing with XML in
the untyped world, communicating with the typed portionghaf
program just as other untyped libraries do.

2.3 Other Important Scheme Features

Scheme programmers also use numerous programming-lamguag
features that are not present in typical typed languageamigles

of these include thapply function, which applies a function to a
heterogeneous list of arguments; the multiple value retuecha-
nism in Scheme; the use of variable-arity and multipleydfinc-
tions; and many others. All of these features are widely tlsed
existing PLT Scheme programs, and supported by Typed Scheme

2.4 Macros

Handling macros well is key for any system that claims tovallo
typical Scheme practice. This involves handling macrosnéefi

in libraries or by the base language as well as macros defined i
modules that are converted to Typed Scheme. Further, siaceos
can be imported from arbitrary libraries, we cannot spettiéytyp-

ing rules for all macros ahead of time. Therefore, we musaesp
macros before typechecking. This allows us to handle therityj
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Figure 1. Syntax
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Figure 2. Primary Typing Rules
combpred (v, 1, 1) =1 I + 71, =[x : restrict(T'(z), 7) ]
combpred(7z,true,o,) = (I 70)a I'+z =T[x : remove(I'(x), false) ]
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6, (add1) = (Number = Number) ]rest]r?ct(or7 T) =0 whenk o <: T
8, (not) = (T - Boolean) restr}ct(a, (U_T ) = (U restrict(o, 1) ...)
e restrict(o, 7) =7 otherwise
0- (procedure?) = (T 3 Boolean remove(o,7) = L whenk o <: 7
Number remove(a, (|J 7...)) = (J remove(o,7) ...)
&r (number?) = (T 5 T’ Boolear) remove(o, 7) = o otherwise
07 (boolean?) = (T Oo—?m’]BOOIealn)

Figure 3. Auxiliary Operations

of existing macros without change, i.e., those for which ae -
fer the types of the generated variables. Further, macrazsediein
typed code require no changes. Unfortunately, this apprdaes

Figure 4. Environment Operations

3.1 Syntax and Operational Semantics

Figure 1 specifies the syntax ofrs programs. An expression
is either a value, a variable, an application or a conditiohhe
set of values consists of abstractions, numbers, boolaahsan-

not scale to the largest and most complex macros, such as thos stants. Binding occurrences of variables are explicitpaiated

defining a class system (Flatt et al. 2006), which rely on amd e
force their own invariants that are not understood by the &ys-
tem. Handling such macros remains future work.

3. A Formal Model of Typed Scheme

Following precedent, we have distilled the novelty of oupey
system into a typed lambda calculusys. While Typed Scheme
incorporates many aspects of modern type systems, theleslcu
serves only as a model of occurrence typing, the novel agdect
the type system, true union types, and subtyping. The ldittectly
interact with the former; other features of the type systam a
mostly orthogonal to occurrence typing. This section firsspnts
the syntax and dynamic semantics of the calculus, followethé
typing rules and a (mechanically verified) soundness result

with types. Types are eithér, function types, base types, or unions
of some finite collection of types. We refer to the decoration
function types agdatent predicatesand explain them, along with
visible predicatesbelow in conjunction with the typing rules. For
brevity, we abbreviatél J true false) asBooleanand(|J) asL.

The operational semantics is standard: see figure 7. Faoifpwi
Scheme and Lisp tradition, any néaisevalue is treated asue.

3.2 Typing Rules

The key feature of\rs is its support for assigning distinct types
to distinct occurrences of a variable based on control floteréa.
For example, to type the expression

(A (x: (U Number Boolean))
(if (number? X (= x 1) (not X))



the type system must uddumber for x in the thenbranch of the
conditional andBooleanin the elsebranch. If it can distinguish
these occurrences and project out the proper componenteof th
declared typel() Number Boolear), then the computed type of
the function is confirmed as

((U Number Boolean — Boolean).

The type system folrs accomplishes this; its presentation
consists of two parts. The first are those rules that the progr
mer must know and that are used in the implementation of Typed
Scheme. The second set of rules are needed only to estafpish t
soundness; indeed, we can prove that those rules are usagces
outside of the proof of the main theorem.

Visible PredicatesJudgments of\rs involve both types and
visible predicates (see the production foin figure 1). The former
are standard and need little explanation. The latter artassccu-
mulate information about expressions that affect the floaowitrol
and thus demand a split for different branches of a conditidf
course, a syntactic match would help little, because progrers of
scripts tend to write their own predicates and compose &bgix-
pressions with combinators. Also, programmer-definedtyaes
extend the set of predicates.

Latent Predicates In order to accommodate programmer-
defined functions that are used as predicates, the typensyaite
Ars uses latent predicate (seéein figure 1) to annotate function
types. Syntactically speaking, a latent predicate is alsibgpe
¢ atop the arrow-type constructor that identifies the fumcts a
predicate forg. This latent predicate-annotation allows a uniform
treatment of built-in and user-defined predicates. For g@@m

Number
—

number? : (Number Boolean)

says thatumber? is a discriminator for numbers.
An eta-expansion preserves this property:
(X (z: Number) (number? x)) : (Number Number
Thus far,higher-order latent predicates are useful in just one
case:procedure? For uniformity, the syntax accommodates the
general case. We intend to study an integration of latertipages
with higher-order contracts (Findler and Felleisen 200@) expect
to find additional uses.
The Ars calculus also accommodates logical combinations of
predicates. Thus, if a program contains a test expressimnasi

(or (number? X (boolean? ¥)

then Typed Scheme computes the appropriate visible ptedica
this union, which is(|J Number Boolean),.. This information is
propagated so that a programmer-defined function receiveser
sponding latent predicate. That is, th@ol-or-numberfunction:

(A (x: Any) (if (number? X #t (boolean? ¥))
(U Number Boolean)

Boolean).

acts like a predicate of typ&(y Boolean
and is used to split types in different branches of a conukiio

Typing Rules Equipped with types and predicates, we turn to
the typing rules. They derive judgements of the form

I'ke:m.

It states that in type environmeit, expressiore has typer and
visible predicate). The latter is used to change the type environ-
ment in conjunction withf expressions.The type system proper
comprises the ten rules in figure 2.

3Other control flow constructs in Scheme are almost alwaysrosatat
expand intaf.

S-FUN
Foi<:imi F 1y < o2

p=¢'org =

F (11 2, T2) <: (01 ?, 02)

S-REFL
Fr<iT

S-UNIONSUB
Frn<oforalll<i<n

F(U TL o Tp) <i O

S-UNIONSUPER
Fr<io; 1<i<n

Fr<: (U 01+ 0n)

Figure 5. Subtyping Relation

The rule T-F is the key part of the system, and shows how
visible predicates are treated. To accommodate Scheme style, we
allow expressions withnytype as tests. Most importantly, though,
the rule uses the visible predicate of the test to modify e t
environment for the verification of the types in the two caiudial
branches. When a variable is used as the test, we know tlaairiot
befalsein thethenbranch, and must be in thedsebranch.

While many of the type-checking rules appear familiar, thesp
ence of visible predicate distinguishes them from ordimatgs:

e T-VAR assigns a variable its type from the type environment
and names the variable itself as the visible predicate.

Boolean constants have Boolean type and a visible predicate
that depends on their truth value. Since numbers are always
treated as true values, they have visible preditate.

When we abstract over a predicate, the abstraction should re
flect the test being performed. This is accomplished with the
T-ABSPREDrule, which gives an abstraction a latent predicate
if the body of the abstraction has a visible predicate refgrto

the abstracted variable, as in theol-or-numberexample.

Otherwise, abstractions have their usual type; the vigbdel-
icate of their body is ignored. The visible predicate of an ab
straction isrue, since abstractions are treated that wayfby

Checking the application of an expression to another expres
sion that is not a variable proceeds as normal. The anteteden
include latent predicates and visible predicates but thoség-
nored in the consequent.

The T-ArpPPREDrule shows how the type system exploits latent
predicates. The application of a function with latent pcatk

to a variable turns the latent predicate into a visible patdi
on the variable ). The proper interpretation of this visible
predicate is that the application produdase if and only if =
has a value of type.

Figure 3 defines a number of auxiliary typing operations.
The mapping from constants to types is standard. The ternary
COMBPRED metafunction combines the effects of the test, then
and else branches of @nexpression. The most interesting case is
the second, which handles expressions such as this:

(if (number? X #t (boolean? ¥)

This is (roughly) the expansion of am expression. The combined
effect is(|J Number Boolean).., as expected.

The environment operations, specified in figure 4, combine a
visible predicate with a type environment, updating theetgpthe
appropriate variable. Heregstrict(o, ) is o restricted to be a
subtype ofr, andremove(o, 7) is o without the portions that are
subtypes ofr. The only non-trivial cases are for union types.

For the motivating example from the beginning of this settio

(A (x: (U Number Boolean))
(if (number? X (= x 1) (not X))



T-APPPREDFALSE
T-APPPREDTRUE ke 74 F'Fo:m
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Figure 6. Auxiliary Typing Rules

E-DELTA
(e, v) = E-BETA
(cv) = Az : T.e v) — e[z /v]
E-IFTRUE
E-IFFALSE v # false

if fal : : I
(if false ez e3) — es (if vezes) — ez

d(procedure?, \x : T.€) = true

L—R
E[L] — E[R]

d(not, false) = true

d(addl,n) =mn+1
d(not,v) = false v # false
d(number?,n) = true

d(boolean?,b) = true

0(number?,v) = false
d(boolean?,v) = false
d(procedure?, c) = true

d(procedure?, v) = false otherwise

Figure 7. Operational Semantics

we can now see that the test of tii@xpression has typ@oolean
and visible predicatdNumber,. Thus, thethen branch is type-
checked in an environment wherehas typeNumber; in the else
branchz is assigned@oolean

Subtyping The definition of subtyping is given in figure 5. The
rules are for the most part standard. The rules for unionstygre
adapted from Pierce’s (Pierce 1991). One important coresegu
of these rules is that is below all other types. This type is useful
for typing functions that do not return to their continuatias well
as for defining a supertype of all function types.

We do not include a transitivity rule for the subtyping rédat
but instead prove that the subtyping relation as given issttize.
This choice simplifies the proof in a few key places.

The rules for subtyping allow function types with latent gire
cates, to be used in a context that expects a function thattia n
predicate. This is especially important faocedure? which han-
dles functions regardless of latent predicate.

3.3 Proof-Theoretic Typing Rules

The typing rules in figure 2 do not suffice for the soundnessfpro
To see why, consider the function from above, applied to tga-a
ment#f. By the E-B=TA rule, this reduces to

(if (number?#f)
(=#f1)
(not #f))

Unfortunately, this program is not well-typed according tbri-
mary typing rules, since- requires numeric arguments. Of course,
this program reduces in just a few stepg#t which is an appropri-
ate value for the original type. To prove type soundnesseérstile
of Wright and Felleisen (Wright and Felleisen 1994), howege-
ery intermediate term must be typeable. So our types systesh m
know to ignore thehenbranch of our reduced term.

To this end, we extend the type system with the rules in figure 6
This extension assigns the desired type to our reduced ssipre

becauser{umber?#f) has visible predicatéalse Put differently,
we can disregard th#aenbranch, using rule THFALSE.*

In order to properly state the subject reduction lemma, vesine
to relate the visible predicates of terms in a reduction srge.
Therefore, we define a sub-predicate relation, wriktep <:7 v,
for this purpose. The relation is defined in figure 5. Thistretais
not used in the subtyping or typing rules, and is only necgdsa
the soundness proof.

We can now prove the traditional lemmas.

Lemma 1 (Preservation) If I" - e : 754, ¢ is closed, an& — ¢/,
thenl' - ¢’ : 7’59’ where- 7" <: T andF ¢’ <:7 9.

Lemma 2 (Progress) If T' - e : ;4 ande is closed, then either
is a value ore — ¢’ for somee’.

From these, soundness for the extended type system follows.

Programs with untypable subexpressions, however, aresaet u
ful in real programs. We only needed to consider them, as agell
our additional rules, for our proof of soundness. Fortugatee can
also show that the additional, proof-theoretic, rules aexed only
for the type soundness proof, not the result. Therefore, btai
the desired type soundness result.

Theorem 1(Soundness)If T - e : 754, with e closed, using only
the rules in figure 2, and is a base type, one of the following holds

1. e reduces forever, or
2.e =" vwherel v: ;¢ and- o <: Tandk- ¢’ <:7 1.

3.4 Mechanized Support

We employed two mechanical systems for the exploration ef th
model and the proof of the soundness theorem: Isabelle/HNi- (
kow et al. 2002) and PLT Redex (Matthews et al. 2004). Indeed,

4The rules in figure 6 are similar to rules used for the sameqmarpn
systems with &ypecase construct, such as Crary et al. (1998).



we freely moved back and forth between the two, and without do
ing so, we would not have been able to formalize the type syste
and verify its soundness in an adequate and timely manner.

For the proof of type soundness, we used Isabelle/HOL tegeth
with the nominal-isabelle package (Urban and Tasson 2@B6).
pressing a type system in Isabelle/HOL is almost as easyiaagvr
down the typing rules of figures 2 and 6 (our formalizationsrtm
5000 lines). To represent the reduction semantics (fronrdigl
we turn evaluation contexts into functions from expressitmex-
pressions, which makes it relatively straightforward tatestand

prove lemmas about the connection between the type systdm an

the semantics. Unfortunately, this design choice prevestSom
evaluating sample programs in Isabelle/HOL, which is esigc
important when a proof attempt fails.

Since we experienced such failures, we also used the PLTxRede

system (Matthews et al. 2004) to explore the semantics antype
system of Typed Scheme. PLT Redex “programmers” can write
down a reduction semantics as easily as Isabelle/HOL prugexs
can write down typing rules. That is, each line in figures 1 @nd
corresponds to one line in a Redex model. Our entire Redexinod
with examples, is less than 500 lines. Redex comes with Nisua
tion tools for exploring the reduction of individual progna in the
object language. In support of subject reduction proofsglage
designers can request the execution of a predicate for esxte*
in the reduction sequences (or graphs). Nodes and tramsititat
violate a subject reduction property are painted in distaudors,
facilitating example-based exploration of type soundmpessfs.
Every time we were stuck in our Isabelle/HOL proof, we would
turn to Redex to develop more intuition about the type sysiach

semantics. We would then change the type system of the Redex:

model until the violations of subject reduction disappdarAt

that point, we would translate the changes in the Redex model

into changes in our Isabelle/HOL model and restart our proof
attempt. Switching back and forth in this manner helped ysave
the primary typing rules and determine the shape of the iauil

The definition explicitly quantifies over type variablesandb
and then uses these variables in the type signature. The dfody
the definition, however, is identical to the one for untypealy in
particular, no type application is required for the recwgrsiall to
map Instead, the type system infers appropriate instantiatfor
a andb for the recursive call.

In addition to parametric polymorphism, Scheme progransmer
also exploit recursive subtypes of S-expressions to enaosligle
range of information as data. To support arbitrary regwaes
over S-expressions as well as more conventional structliyped
Scheme provides explicit recursive types though the progrer
need not manually fold and unfold instances of these types.

For example, here is the type of a binary tree a@rscells:

(define-type-aliasSTree(u t ( Number (cons t})))
A function for summing the leaves of such a tree is straightod:

(define: (sum-treds: STred) : Number
(cond[(number? 9]
[else(+ (sum-treg(car 9)) (sum-treg(cdr 9)))]))

In this function, occurrence typing allows us to discriniede-
tween the different branches of the union, and the (un)fioldif
the recursive (tree) type happens automatically.

Finally, Typed Scheme supports a rich set of base typesidncl
ing vectors, boxes, parameters, ports, and many otheisolpeo-
vides type aliasing, which greatly facilitates type realityb

4.2 Type Inference

In order to further relieve the annotation burden on prognens,
Typed Scheme provides two simple forms what has been called
“local” type inference (Pierce and Turner 2060¥irst, local non-
recursive bindings do not require annotation. For examitle,
following fragment typechecks without annotations on tbeal
bindings:

typing rules in figure 6. Once we had those, pushing the proof (define:(m[z: Number]) : Number

through Isabelle/HOL was a labor-intensive mechanizatibthe
standard proof technique for type soundnéss.

4. From A\rg To Typed Scheme

In this day and age, it is easy to design a type system andegis r
sonably straightforward to validate some theoretical prop The
true proof of a type system is a pragmatic evaluation, howéwee
this end, it is imperative to integrate the novel ideas witheaist-
ing programming language. Otherwise it is difficult to derstoate
that the type system accommodates the kind of programmythg st
that people find natural and that it serves its intended ma&po

To evaluate occurrence typing rigorously, we have impleaen
Typed Scheme. Naturally, occurrence typing in the spiribof
makes up the core of this language, but we have also supplethen
it with a number of important ingredients, both at the levidypes
and at the level of large-structure programming.

4.1 Type System Extensions
As argued in the introduction, Scheme programmers borrauwra n

ber of ideas from type systems to reason about their programs
Chief among them is parametric polymorphism. Typed Scheme

therefore allows programmers to define and use explicitlyrpor-
phic functions. For example, tleapfunction is defined as follows:

(define: (a b) (map[f : (a— b)] [l : (Listof a)]) : (Listof B)

(if (null?1)1
(cons(f (car 1)) (map f(cdr 1)))))

5The mechanised calculus does not currently handle

(letx ([x 4
[y (x x X))
(=yD)

since by examining the right-hand sides of ke, the typechecker
can determine that botkandy should have typ&lumber. Note
that the inference mechanism does not take into accounsteeaf
these variables, only their initializing expressions.

The use of internal definitions can complicate this infeeenc
process. For example, the above code could be written asvill

(define: (m[z: Number]) : Number
(definex 3)
(definey (x x X))
(=y1)

This fragment is macro-expanded inttetrec; however, recur-
sive binding is not required for typechecking this code.refare,
the typechecker analyzes thatrec expression and determines if
any of the bindings can be treated non-recursively. If s athove
inference method is applied.

The second form of inference allows the type arguments to
polymorphic functions to be omitted. For example, the fwileg
use ofmapdoes not require explicit annotation.

(map(lambda:([x : Number]) (+ x 1)) ’(1 2 3))

To accommodate this form of inference, the typechecker first
determines the type of the argument expressions, in thie cas

6This modicum of inference is similar to that in recent retsaof
Java (Gosling et al. 2005).



(Number — Number) and (istof Number), as well as the op-
erator, hereAll (a b) ((a — b) (Listof a) — (Listof b))). Then it
matches the argument types against the body of the opeyatey t
generating a substitution. Finally, the substitution iplegal to the
function result type to determine the type of the entire egpion.

For cases such as the above, this is quite straightforwahenw
subtyping is involved, however, the process is complex. Sitiar
this, seemingly similar, example.

(map(lambda:([x : Any]) x) '(1 2 3))

Again, the second operand has typestof Number), suggest-
ing thatmaps type variableb should substituted witNumber, the
first operand has typeAy — Any), suggesting that both and
b should beAny. The solution is to find a common supertype of
Number andAny, and use that to substitute far

Unfortunately, this process does not always succeed. Tdrere

the programmer must sometimes annotate the arguments or the

function to enable the typechecker to find the correct stulbitn.
For example, this annotation instantiatelsll atNumber andAny:

#{foldl @ Number Any}

In practice, we have rarely needed these annotations.

4.3 Adapting Scheme Features

Scheme in general, and PLT Scheme in particular, comes with n
merous constructs that need explicit support from the typtem:

e The most important one is thstructure system. Adefine-
struct definition is the fundamental method for constructing
new varieties of data in PLT Scheme. This form of definitions
introduces constructors, predicates, field selectors, fastd
mutators. Typed Scheme includes a matchilggine-typed-
struct form. Thus the untyped definition

(define-structA (x y))

which defines a structurA, with fieldsx andy, becomes the
following in Typed Scheme:

(define-typed-structA ([x : Number] [y : String]))

Unsurprisingly, all fields have type annotations.

The define-typed-struct form, like define-struct, introduces
the predicaté\?. Scheme programmers use this predicate to dis-
criminate instances ok from other values, and the occurrence
typing system must therefore be aware of it. Tedine-typed-
struct definition facility can also automatically introduce recur
sive types, similar to those introduced via ML's datatype-co
struct.

The PLT Scheme system also allows programmers to define
structures as extensions of an existing structure, sirtolax-
tensions of classes in object-oriented languages. An égtén
structure inherits all the fields of its parent strucuturnertker-
more, its parent predicate cannot discriminate instantéseo
parent structure from instances of the child structure.ddeit

is imperative to integrate structures with the type syst¢m a
fundamental level.

Variable-arity functions also demand special attentiomfithe
type perspective. PLT Scheme supports two forms of vardable
arity functions: rest parameters, which bundle up extrai-arg
ments into a list; andtase-lambda(Dybvig and Hieb 1990),
which is roughly speaking numeric and dynamic overloading.
Fortunately, these constructs do not present new chaletoge
type system designers. A careful adaptation of the solsigon-

e Dually, Scheme supports multiple-value returns, meanipgpa
cedure may return multiple values simultaneously withast fi
bundling them up in a tuple (or other compound values). Multi
ple values require special treatment in the type checkeausec
the construct for returning multiple values is a primitivené-
tion (valueg, which can be used in higher-order contexts.

Finally, Scheme programmers use #pplyfunction, especially

in conjunction with variable-arity functions. Tlagplyfunction
consumes a function, a number of values, plus a list of addi-
tional values; it then applies the function to all these galu

Because of its use in conjunction with variable-arity fuows,
we type-check the application apply specially and allow its
use with variable argument functions of the appropriate typ

For example, the common Scheme idionmapplying the func-
tion 4 to a list of numbers to sum them works in Typed Scheme:
(apply+ (list 1 2 3 4)).

4.4 Special Scheme Functions

A number of Scheme functions, either because of their shseia
mantics or their particular roles in the reasoning procéScheme
programmers, are assigned types that demand some exptanati
Here we cover just two interesting exampléker andcall/cc.

An important Scheme function, as we saw in section Hltes.
Whenfilter is used, the programmer knows that every element of
the resulting list answersue to the supplied predicate. The type
system should have this knowledge as well, and in Typed Sehem
it does:

filter : (All (ab) ((a—b> Boolean) (Listof a) — (Listof b))

Here we write & LA Boolearn) for the type of functions frona to

Booleanthat are predicates for type Note how its latent predicate

becomes the type of the resulting elements. In the convealtigpe

world, this effect can only be achieved with dependent types
For an example, consider the following expression:

(define: the-numbergListof Number)
(let ([Ist(list’al'b2’c3)])
(map addi(filter number? Is))))

Herethe-numberdas type Cistof Number) even though it is the
result of filtering numbers from a list that contains both byis
and numbers. Using Typed Scheme’s typefiiter, type-checking
this expression is now straightforward. The example againah-
strates type inference for local non-recursive bindings.

The type ofcall/cc must reflect the fact that invoking a continu-
ation aborts the local computation in progress:

call/cc: (All (@) ((a— L) —a) — a))

where_ L is the empty type, expressing the fact that the function
cannot produce values. This type has the same logical ietatjpn

as Peirce’s law, the conventional type &ail/cc (Griffin 1990) but
works better with our type inference system.

4.5 Programming in the Large

PLT Scheme has a first-order module system (Flatt 2002) that a
lows us to support multi-module typed programs with no egfra
fort. In untyped PLT Scheme programs, a module consistsfafide
tions and expressions, along with declarations of deperiegmn
other modules, and of export specifications for identifier3yped
Scheme, the same module system is available, without ckange
Both defined values and types can be imported or provided from
other Typed Scheme modules, with no syntactic overhead.edo d
laration of the types of provided identifiers is requiredthe ex-
ample in figure 8, the typkeoN and the functiorsumare provided

ployed for mainstream languages such as Java and C# sufficesby moduleml1and can therefore be used in modmig



(module m1 typed-scheme
(provide LoN sum
(define-type-aliasLoN (Listof Number))
(define: (sum[l : LoN]) : Number
(if (null?21) 0 (+ (car I) (sum(cdr 1))))))

(module m2 typed-scheme
(require mJ)
(define:l : LoN (list 1 2 3 4 5))
(display(sum )))

Figure 8. A Multi-Module Typed Scheme Program

Additionally, a Typed Scheme module, like a PLT Scheme mod-
ule, may contain and export macro definitions that refer émid
fiers or types defined in the typed module.

4.6

Importing from the Untyped World When a typed module must
import functions from an untyped module—say PLT Scheme’s ex
tensive standard library—Typed Scheme requires dynangcksh
at the module boundary. Those checks are the means to etfpece
soundness (Tobin-Hochstadt and Felleisen 2006). In oodgeter-
mine the correct checks and in keeping with our decisiondhbt
binding positions in typed modules come with type annotetjave
have designed a typed import facility. For example,

Interoperating with Untyped Code

(require/typed mzscheme addNumber — Number))

imports theaddl function from themzschemdibrary, with the
given type. Therequire/typed facility expands into contracts,
which are enforced as values cross module boundaries @Findl
and Felleisen 2002).

An additional complication arises when an untyped module
provides an opaque data structure, i.e., when a module tsxpor
constructors and operators on data without exporting thetsire
definition. In these cases, we do not wish to expose the steict
merely for the purposes of type checking. Still, we must have
way to dynamically check this type at the boundary between th
typed and the untyped code and to check the typed module.

In support of such situations, Typed Scheme includes stippor
for opaque types, in which only the predicate for testing foem
ship is specified. This predicate can be trivially turned iatcon-
tract, but no operations on the type are allowed, other thaset
imported with the appropriate type from the untyped portibthe
program. Of course, the predicate is naturally integrattaithe oc-
currence type system, allowing modules to discriminateipety
the elements of the opaque type.

Here is a sample usage of the special form for importing a
predicate and thus defining an opaque type:

(require/opaque-type(lib "xml.ss" "xml") Doc documentf?

It imports thedocumentZunction from the [[b "xml.ss" "xml")
library and uses it to define tHeoc type. The rest of the module
can now import functions withequire/typed that refer toDoc.

Exporting to the Untyped World When a typed module is
required by untyped code, other considerations come irdg. pl
Again, the typed code must be protected (Tobin-Hochstadt an
Felleisen 2006), but we already know the necessary typeseTh
fore, in untyped contexts, typed exports are automaticplyrded
by contracts, without additional effort or annotation by tbro-
grammer. Unfortunately, because macros allow uncheckeesac
to the internals of a module, macros defined in a typed modare c
not currently be imported into an untyped context.

5. Implementation

We have implemented Typed Scheme as alanguage for the DnBche
programming environment (Findler et al. 2002). It is avalgsfrom
the PLaneT software repository (Matthews 2006).

Since Typed Scheme is intended for use by programmers devel-
oping real applications, a toy implementation was not anoapt
Fortunately, we were able to implement all of Typed Scheme as
a layer on top of PLT Scheme, giving us a full-featured lamggua
and standard library. In order to integrate with PLT Scheatieof
Typed Scheme is implemented using the PLT Scheme macro sys-
tem (Culpepper et al. 2007). When the macro expander finishes
sucessfully, the program has been typechecked, and adistrafc
Typed Scheme have been compiled away, leaving only exdeutab
PLT Scheme code remaining. The module can then be run just as
any other Scheme program, or linked with existing modules.

5.1 Changing the Language

Our chosen implementation strategy requires an integratighe
type checking and macro expansion processes.

The PLT Scheme macro system allows language designers to
control the macro expansion process from the top-most ASIE.no
Every PLT Scheme module takes the following form:

(module m language

wherelanguagecan specify any library. The library is then used
to provide all of the core Scheme forms. For our purposeskdfie
form is#%module-begin which is wrapped around the entire con-
tents of the module, and expanded before any other expansion
evaluation occurs. Redefining this form gives us completerob
over the expansion of a Typed Scheme program. At this poiat, w
can type-check the program and signal an error at macraasiqra
time ifitis ill-typed.

5.2 Handling Macros

One consequence of PLT Scheme’s powerful macro systentia tha
large number of constructs that might be part of the coredagg
are instead implemented as macros. This includes patterthma
ing (Wright and Duba 1995), class systems (Flatt et al. 2606
component systems (Flatt and Felleisen 1998), as well agrous
varieties of conditionals and even boolean operations asand.
Faced with this bewildering array of syntactic forms, weldawt
hope to add each one to our type system, especially sincemesv o
can be added by programmers in libraries or application.dede
ther, we cannot abandon macros—they are used in virtualyyev
PLT Scheme program, and we do not want to require such changes
Instead, we transform them into simpler code.

In support of such situations, the PLT Scheme macro system
provides thdocal-expandprimitive, which expands a form in the
current syntactic environment. This allows us to fully exgpahe
original program in our macro implementation of Typed Schem
prior to type checking. We are then left with only the MzScleem
core forms, of which there are approximately a dozen.

5.3 Cross-Module Typing

In PLT Scheme programs are divided up into first-order madule
Each module explicitly specifies the other modules it impaand
the bindings it exports. In order for Typed Scheme to workhwit
actual PLT Scheme programs, it must be possible for progensim
to split up their Typed Scheme programs into multiple moslule
Our type-checking strategy requires that all type-chegkake
place during the expansion of a particular module. Theegftbre

7The implementation consists of approximately 6000 linesade and
2800 lines of tests.



type environment constructed during the typechecking efrand-
ule disappears before any other module is considered.

Instead, we turn the type environments into persistent code
using Flatt’s reification strategy (Flatt 2002). After tgbecking
each module, the type environment is reified in the code of the
module as instructions for recreating that type envirortmeéren
that module is expanded. Since every dependency of a maslule i
visited during the expansion of that module, the approprigpe
environment is recreated for each module that is typecliedkas
implementation technique has the significant benefit thmbitides
separate compilation and typechecking of modules for free.

Further, our type environments are keyed by MzScheme identi
fiers, which maintain information on which module they weee d
fined in. Therefore, no special effort is required to use gmed
module from another and standard DrScheme (Findler et 82)20
tools for presenting binding structure work properly.

5.4 Limitations

Our implementation has two significant limitations at presEirst,
we are unable to dynamically enforce polymorphic types gisin
the PLT contract system. Therefore, programmers cannaiireeq
polymorphically-typed functions from untyped libraries auch
(only in instantiated form). We plan to address this diffiguby
providing a comprehensive standard library of typed fuomdi
based upon the PLT Scheme standard library.

The second major limitation is that we cannot typecheck code
that uses the most complex PLT Scheme macros, such asihe
andclasssystems. These macros radically alter the binding struc-
ture of the program. In order to typecheck them, our systemidvo
need to be extended to either infer this type structure froenre-
sults of macro expansion, or to understand units and classes
tively. Since these macros are widely used by PLT Scheme pro-
grammers, we plan to investigate both possibilities.

6. Practical Experience

To determine whether Typed Scheme is practical and whetrer ¢
verting PLT Scheme programs is feasible, we conducted essefi
experiments in porting existing Scheme programs of vargimg-
plexity to Typed Scheme.

Educational CodeFor smaller programs, which we expected to
be written in a disciplined style that would be easy to typeak,
we turned to educational code. Our preliminary investaatiand
type system design indicated that programs in the styldaf to
Design ProgramgFelleisen et al. 2001) would type-check success-
fully with our system, with only type annotations required.

To see how more traditional educational Scheme code would
fare, we rewrote most programs frofie Little Scheme(Fried-
man and Felleisen 1997) arithe Seasoned Schemg@rriedman
and Felleisen 1996) in Typed Scheme. Converting these 566 li
of code usually required nothing but the declaration of syfm
function headers. The only difficulty encountered was abilita
to express in our type system some invariants on S-exprestiat
the code relied on.

Second, we ported 1,000 lines of educational code, which con
sisted of the solutions to a number of exercises for an unaéuog
ate programming languages course. Again, handing S-esipres
proved the greatest challenge, since the code used tesis fafrm
(pair? (car x)), which does not provide useful information to the
type system (formally, the visible predicate of this expies ise).
Typing such tests required adding new local bindings. Thidec
also made use of a non-standard datatype definition faaittjch
required adaptation to work with Typed Scheme.

Libraries We ported 500 lines of code implementing a variety
of data structures from Sggaardyalore.pltlibrary package. While
these data structures were originally designed for a typectional

(define: (play-one-turn[player: Playef
[deck: Cardg
[stck: Cardg
[fst:discs: Hand])
: (values BoolearRCard Hand Attacks Fron
(definetrn (create-turn(player-name playgrdeck stck fst:disg¢y
;» — go play
(defineres(player-take-turn player tr))
;; the-return-card could be false
(define-values(the-end the-return-caid
(cond
[(ret? reg (values+#f (ret-card reg)]
[(end? re} (values+#t (end-card re¥)]))
(definediscards:squadrongdone-discards re3
(defineattacks (done-attacks ré3
(defineet (turn-end trn)
(valuesthe-end the-return-card discards:squadrons attackk et

Figure 9. A Excerpt from the Squadron Scramble Game

language, the implementations were not written with typing
mind. Two sorts of changes were required for typing thisdliir
First, in several places the library failed to check for egous
input, resulting in potentially surprising behavior. Garting this
required adding tests for the erroneous cases. Secondput ab
dozen places throughout the code, polymorphic functiorsiee
to be explicitly instantiated in order for typechecking tmgeed.
These changes were, again, in addition to the annotatioowid
variables.

Applications Finally, a student ported two sizable applications
under the direction of the first author. The first was a 2,766 li
implementation of a game, written in 2007, and the secondavas
500 line checkbook managing script, maintained for 12 years

The game is a version of the multi-player card game Squadron
Scramblé® The original implementation consists of 10 PLT Scheme
modules, totaling 2,700 lines of implementation code, udirig
500 lines of unit tests.

A representative function definition from the game is given i
figure 9. This function createstarn object, and hands it to the
appropriateplayer. It then checks whether the game is over and if
necessary, constructs the new state of the game and returns i

The changes to this complex function are confined to the func-
tion header. We have converted the origidefine to define: and
provided type annotations for each of the formal parametegell
as the return type. This function returns multiple valuesisan-
dicated by the return type. Other than the header, no chaarges
required. The types of all the locally bound variables aferied
from their body of the individual definitions.

Structure types are used extensively in this example, gsatiee
in the entire implementation. In the definition of the valésihe-
end andthe-return-card occurrence typing is used to distinguish
between theesandendstructures.

Some portions of the implementation required more effort to
port to Typed Scheme. For example, portions of the data wmed f
the game is stored in external XML files with a fixed format, #rel
program relies upon the details of that format. Howevegssithis
invariant is neither checked nor specified in the program tyipe
system cannot verify it. Therefore, we moved the code hagdlie
XML file into a separate, untyped module that the typed partio
uses viaequire/typed.

8Squadron Scramble resembles Rummy; it is available from @&
Systems.



Scripts The second application ported required similarly few
changes. This script maintained financial records recordad S-
expression stored in a file. The major change made to thearogr
was the addition of checks to ensure that data read from thedis
in the correct format before using it to create the relevatgrnal
data structures. This was similar to the issue encounteitdtine
Squadron Scramble game, but since the problem concernegle si
function, we added the necessary checks rather than qyeatiaw
module. The other semantic change to the program was toamaint
a typing invariant of a data structure by construction, eatiman
after-the-fact mutation. As in the case of the Galore lijprave
consider this typechecker-mandated change an improveiméreg
original program, even though it has already been used ssitdly
for many years.

7. Related Work

The history of programming languages knows many attempts to
add or to use type information in conjunction with untyped-la
guages. Starting with LISP (Steele Jr. 1984), languagegders
have tried to include type declarations in such languag#sn ¢o
help compilers, sometimes to assist programmers. Fromatiee |
1980s until recently, people have studied soft typing (@aght
and Fagan 1991; Aiken et al. 1994; Wright and Cartwright 1997
Henglein and Rehof 1995; Flanagan and Felleisen 1999; Meuni
et al. 2006), a form of type inference to assist programmebsid
their programs statically. This work has mainly been in tba-c
text of Scheme but has also been applied to Python (Salib)2004
Recently, the slogan of “gradual typing” has resurrected S P-
style annotation mechanisms and has had a first impact vgith it
tentative inclusion in Perl6 (Tang 2007).

In this section, we survey this body of work, starting with
the soft-typing strand, because it is the closest relativ&yped
Scheme.

7.1 Types for Scheme

The goal of the soft typing research agenda is to provide tarog
type checker for programs in untyped languages. One keyigeem
is that programmers shouldn’t have to write down type défini
or type declarations. Soft typing should work via type iefege
only, just like ML. Another premise is that soft type systeshsuld
never prevent programmers from running any program. Ifype t
checker encounters such an ill-typed program, it shoulerirsin-
time checks that restore typability and ensure that the $yggem
remains sound. Naturally, a soft type system should mirértfiese
insertions of run-time checks. Furthermore, since theserfions
represent potential failures of type invariants, a good sgie
system must allow programmer to inspect the sites of these ru
time checks to determine whether they represent genuinesesr
weaknesses of the type system.

Hindley-Milner though with extensible record types. Thegstems
are able to type many actual Scheme programs, includingethos
using outlandish-looking recursive datatypes. Unfortelyathese
systems severely suffer from the general Hindley-Milneoer
recovery problem. That is, when the type system signals a typ
error, it is extremely difficult—often impossible—to debir its
meaning and to fix it.

In response to this error-recovery problem, others built in
ference systems based on Shiver's control-flow analyse81}j19
and Aiken’s and Heintze’s set-based analyses (Aiken et8i41
Heintze 1994). Roughly speaking, these soft typing sysiamns-
duce sets-of-values constraints for atomic expressiodspeaopa-
gate them via a generalized transitive-closure propagdfiken
et al. 1994; Flanagan and Felleisen 1999). In this world,étisy to
communicate to a programmer how a values might flow into a par-
ticular operation and violate a type invariant, thus eliating one
of the major problems of Hindley-Milner based soft typinda(fa-
gan et al. 1996).

Our experience and evaluation suggest that Typed Scheme
works well when compared to soft typing systems. First, paog
mers can easily convert entire modules with just a few type de
larations and annotations to function headers. Secondjrésg
explicit types and rejecting programs actually pinpointeies bet-
ter than soft typing systems, where programmers must alkess
in mind that the type inference system is conservative.dl sioft
typing systems simply do not support type abstractionsitiSta
from an explicit, static type system for an untyped langustgauld
help introduce these features and deploy them as needed.

The Rice University soft typing research inspired occureen
typing. These systems employédsplitting rules that performed
a case analysis for types based on the syntactic predicatbe i
test expression. This idea was derived from Cartwright §)'97
typecase construct (also see below) and—due to its usefulness—
inspired our generalization. The major advantage of sqfinty
over an explicitly typed Scheme is that it does not requirg an
assistance from the programmer. In the future, we expearow
techniques from soft typing for automating some of the cosiva
process from untyped modules to typed modules.

Shivers (1991) presented OCFA, which also uses flow analy-
sis for Scheme programs, and extended it to account for the us
of predicates and to distinguish different occurences oftes
based on these predicates, as occurrence typing does.

7.2 Gradual Typing

Recently, proposals for what is called “gradual typing” &ide-
come popular (Siek and Taha 2006; Herman et al. 2007). This
work also intends to integrate typed and untyped prograntsato

a much finer granularity than we present. So far, this haspted

the proof of a type soundness theorem for such calculi thai-pr

Based on the experiences of the second author, soft systemsrly assign blame for failures to the typed and untyped piede

are complex and brittle. On one hand, these systems mayexdfer
tremely large types for seemingly simple expressions,tiyrean-
fusing the original programmer or the programmer who hasrtak
on old code. On the other hand, a small syntactic change to-a pr
gram without semantic consequences can introduce vasgeban
into the types of both nearby and remote expressions. Erpets
with undergraduates—representative of average prograsame
suggest that only the very best understood the tools welligimo
to make sense of the inferred types and to exploit them foaghe
signed tasks. For the others, these tools turned into tinke svith
little benefit.

Roughly speaking soft type systems fall into one of two @ass
depending on the kind of underlying inference system. Tlseduft
type systems (Cartwright and Fagan 1991; Wright and Cagtwri
1997; Henglein and Rehof 1995) used inference engines lmased

a systent. In contrast, our earlier work on Typed Scheme (Tobin-
Hochstadt and Felleisen 2006) provides such a soundnes®the
which we believe scales to full Typed Scheme and PLT Scheme.
The gradual typing proposals have also failed describertie e
bedding of such systems into realistic type systems thasuaite
able for writing significant applications, whereas Typeh&ue
has been used for the porting of thousands of lines of code.
Bracha (2004) suggests pluggable typing systems, in which a
programmer can choose from a variety of type systems for each
piece of code. Although Typed Scheme requires some anootati
it can be thought of as a step toward such a pluggable system, i
which programmers can choose between the standard PLT 8chem
type system and Typed Scheme on a module-by-module basis.

9Wadler and Findler (2007)’s formulation eliminates thigeattion.



7.3 Type System Features

Many of the type system features we have incorporated inpedy
Scheme have been extensively studied. Polymorphism insype
tems dates to Reynolds (1983). Recursive types were stingied
Amadio and Cardelli (1993), and union types by Pierce (1991)
among many others. Intensional polymorphism appears sukal
by Harper and Morrisett (1995), among others. Our use oblési
predicates and especially latent predicates was inspiyegribr
work on effect systems (Gifford et al. 1987). Typing varebHif-
ferently in different portions of a program was discussedCbgry
et al. (1998). However, occurrence typing as presentedizreaot
been previously considered.

7.4 Dependent Types

Some features similar to those we describe have appearég in t
dependent type literature. Cartwright (1976) describgmediyLisp,
which includestypecase expression that refines the type of a vari-
able in the various cases; Crary et al. (1998) re-inventiistruct

in the context of a typed lambda calculus with intensiondl{po
morphism. Thetypecase statement specified the variable to be
refined, and that variable was typed differently on the riggutd
sides of thetypecase expression. While this system is superfi-
cially similar to our type system, the use of latent and Vesjiredi-
cates allows us to handle cases other than simple usgpeéase.
This is important in type-checking existing Scheme codeclhvis
not written withtypecase constructs.

Visible predicates can also be seen as a kind of dependent typ
in that (humber? & could be thought of having typieue whene
has a value that is a number. In a system with singleton typiss,
relationship could be expressed as a dependent type. THdsoki
combination typing would not cover the useibfo refine the types
of variables in the branches, however.

7.5 Type Systems for Untyped Languages

Multiple previous efforts have attempted to typecheck &ahpro-
grams. Wand (1984), Haynes (1995), and Leavens et al. (2[205)
veloped typecheckers for an ML-style type system, each a€hwh
handle polymorphism, structure definition and a number bEgte
features. Wand’s system integrated with untyped Scheme viad
unchecked assertions. Haynes’ system also handles \&aaby
functions (Dzeng and Haynes 1994). However, none atteropts t
accommodate a traditional Scheme programming style.

Bracha and Griswold’s Strongtalk (1993), like Typed Scheme
presents a type system designed for the needs of an untyped la
guage, in their case Smalltalk. Reflecting the differingarhdng
languages, the Strongtalk type system differs from ourd,does
not describe a mechanism for integrating with untyped code.

8. Conclusion

Migrating programs from untyped language to typed ones isan
portant problem. In this paper we have demonstrated onessitdt
approach, based on the development of a type system thahacco
modates the idioms and programming styles of our scriptmg |
guage of choice.

Our type system combines a simple new idea, occurrence typ-
ing, with a range of previously studied type system featusese
used widely, some just studied in theory. Occurrence typssigns
distinct subtypes of a parameter to distinct occurrenagsexding
on the control flow of the program. We introduced occurreype t
ing because our past experience suggests that Schememnogrs.
combine flow-oriented reasoning with typed-based reagonin

Building upon this design, we have implemented and disteidu

here, as well as integration features necessary for inteatipn
with the rest of the PLT Scheme system.

Using Typed Scheme, we have evaluated our type system. We
consider the experiments of section 6 illustrative of éngstode
and believe that their success is a good predictor for fugmperi-
ments. We plan on porting PLT Scheme libraries to Typed Sehem
and on exploring the theory of occurrence typing in more lolept

For a close look at Typed Scheme, including documentatidn an
sources for its Isabelle/HOL and PLT Redex models, are aiviail
from the Typed Scheme web page:

http://www.ccs.neu.edu/"samth/typed-scheme
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