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Abstract

Although static typing provides early type error detection, better
legibility and abstraction, and more opportunities for compiler opti-
mizations, dynamic typing supplies a high degree of runtime adap-
tiveness, providing an agile and interactive development suitable for
rapid prototyping. In this article, the minimal core type system of a
programming language which main aim is to provide the benefits of
both dynamic and static typing is presented. Keeping explicit typing,
implicit type inference is introduced to combine dynamic and static
typing in the same programming language. Union and intersection
types are customized to express the dynamism of implicitly typed ref-
erences. The main benefits of our work are early type error detection
even in dynamic code, the integration of dynamic and static code in
the same programming language, and a notable optimization of the
generated code.

1 Introduction

Static typing involves an undeniable tool in software development, offer-
ing the programmer advantages such as early type error detection, a better
documentation and abstraction, and more opportunities for compiler opti-
mizations [34]. Nevertheless, dynamically typed languages provide a great
flexibility at runtime, making them ideally suited for prototyping systems



with changing or unknown requirements, or that interact with other systems
that change unpredictably (data and application integration) [23].

Taking the Web engineering area as an example, Ruby [40] has been
successfully used together with the Ruby on Rails framework for creat-
ing database-backed web applications [41]. Nowadays, JavaScript [10] is
being widely employed to create interactive web applications with AJAX
(Asynchronous JavaScript And XML) [7], and PHP (PHP Hypertext Pre-
processor) is one of the most popular languages to develop Web-based views.
Python [36] is used for many different purposes, being the Zope application
server (a framework for building content management systems, intranets
and custom applications) [21] and the Django Web application framework
[9] two well-known examples of Python frameworks.

Due to the recent success of dynamic languages, usual static languages
—such as Java or C#-— are gradually incorporating more dynamic features
into their platforms. Taking Java as an example, the Refiection API be-
came part of core Java with its release 1.1. This API offers introspection
services to examine structures of object and classes at runtime, plus object
creation and method invocation. The Dynamic Prozy Class API was added
to Java 1.3. It allows defining a class at runtime that implements any in-
terface, funneling all its method calls to an InvocationHandler. Java 1.5
introduced the instrument package that allows dynamic instrumentation
of Java programs without modifying class interfaces. In Java 1.6, the new
Java Scripting API permitted dynamic scripting programs to be executed
from, and have access to, the Java platform [19]. Finally the Java Specifi-
cation Request 292 [20], expected to be included in Java 1.7, incorporates
the new invokedynamic opcode into the Java Virtual Machine (JVM) in
order to support the implementation of dynamically typed object oriented
languages. Since the computational model of dynamic languages requires
extending the JVM semantics, Sun Microsystems launched the Da Vinci
project in January 2008 [8]. This project is aimed at prototyping a number
of enhancements to the JVM, so that it can run non-Java languages, espe-
cially dynamic ones, with a performance level comparable to that of Java
itself.

Since both dynamic and static typing offer important benefits, there
have been approaches aimed at obtaining the advantages of both, following
the philosophy of static typing where possible, dynamic typing when needed
[23]. Onme of the first approaches was Soft Typing [5], that applied static
typing to a dynamically typed language such as Scheme [12]. However, soft
typing does not control which parts in a program are statically checked, and
static type information is not used to optimize the generated code either.
The approach in [1] adds a Dynamic type to lambda calculus, including two
conversion operations (dynamic and typecase), generating a verbose code,
deeply dependent on its dynamism. The works of Quasi-Static Typing [39],
Hybrid Typing [13] and Gradual Typing [37] perform implicit conversion be-



tween dynamic and static code, employing subtyping relations in the case
of quasi-static and hybrid typing and a consistency relation in gradual typ-
ing. The main difference between these approaches and the work presented
in this paper is that we perform type-checking even when dynamic types
are used, detecting type errors in dynamic code and, hence, improving its
robustness. Gradual typing first identified unification-based constraint res-
olution as a suitable approach to integrate both dynamic and static typing
[38]. However, with gradual typing a dynamic type is implicitly converted
into static without any static type-checking, because type inference is not
performed with dynamic references. Theoretical works on combining static
with dynamic typing have been partially included in the implementation of
programming languages such as Boo [26], Visual Basic .Net [43], Cobra [6],
Dylan [11], Strongtalk [4] or the future C# 4.0 [42].

This paper presents the first step towards the formalization of the Sta-
Dyn programming language [29] specifying the type system of its minimal
core. The main objective of StaDyn is to obtain the benefits of both dynamic
and static typing in the same programming language. Since type-checking
is also performed with dynamic references, it will be safer and more ef-
ficient, offering a direct interoperation between dynamic and static code.
Depending on the specific features of (part of) an application, the program-
mer may select the dynamism that best suites her needs. For that purpose,
we have defined a flow-sensitive type system [14] that performs type infer-
ence combining implicit and explicit typing. It joins syntax-directed and
constraint-based type-checking [25], and models dynamism by means of the
subtyping relation of union and intersection types [33].

The rest of this paper is structured as follows. Section 2 specifies the
abstract syntax of the core language and a sample concrete program that
will be used as an example throughout the paper. Section 3 defines the
type system, and a brief depiction of the constraint resolution algorithm is
described in Section 4. A summary of implementation issues are described
in Section 5, and Section 6 presents the ending conclusions.

2 Syntax

This paper describes the minimal core type system of the StaDyn program-
ming language [29]. StaDyn is an object-oriented programming language
that extends C# 3.0 supporting both dynamic and static typing. Although
current implementation of StaDyn offers classes, interfaces, information hid-
ing, method overloading, inclusion polymorphism and dynamic binding, this
paper does not include all these features. This work is focused on formaliz-
ing the major contribution of our work that is how to include dynamic and
static typing in the same programming language. The core features that are
specified in this first description of the type system are functions, objects



Program P = F*D*S+

Function F == Tid ((Tid)*) DSR?

Declaration D = Tid

Statement S = E | if E S+ S* | while E §*

Return R = vreturn F

Expression E == idl|id (E*) | E®F | EQFE |
E#E | E=FE | Eid | E[E] |
new{(id=(FE|TV))*} | true |
false | IntConstant

Syntax types T == int | bool | Array(UT) | {(id:IT)* }

Type variable TV == Dyn? X;

Dynamism Dyn == sta | dyn

Internal types IT 2= TITx..xT—=TC |
Dyn? TV...vT

Constraint types CT == T | [(id:CT)*] |

Dyn? TV ...VT |
Dyn? TN...ANT

Constraints C = CT<CT|CT+~CT

Figure 1: Abstract Syntax of the core language.

(not methods), arrays, assignments, and integer and boolean expressions.
Type variables are also included to offer implicit type reconstruction [22]
by means of extending the usage of the var reserved word added in C#
3.0. In StaDyn, var references can be set as static (by default) or dynamic,
modifying how type-checking is performed. The semantic of the language
does not depend on the dynamism.

First part of Figure 1 shows the abstract syntax of the core language
(second and third parts are types and constraints respectively). EBNF is
used, where + means repetition of at least one element, * matches zero
or more occurrences, ! means optionally matching the previous element
and | represents alternative. Since assignments are expressions, the parser
annotates every expression node of the Abstract Syntax Tree (AST) with a
boolean value (lhsAssign) that reveals whether or not it is a direct child of
an assignment. This value will be used by the type system for type-checking
purposes. Although the programmer may use the return statement the
same way as in C#, it could be only placed at the last statement of the
abstract syntax. This transformation is performed by the parser to facilitate
type inference in conditional and iterative control structures (Section 3.7).
The @ operator represents arithmetical operations, ® logical ones and #
symbolizes relational operators.

Figure 2 shows an example program of our core language. Those lines
commented with Error are expressions statically detected as erroneous by
the type system. Elements of the environment and constraints generated



are shown in the right part of the figure. We will use this figure throughout
the paper to explain the behavior of the type system.

3 Type System

Types used to describe the core type system of StaDyn are shown in the
second part of Figure 1. Syntax types are those that may be directly writ-
ten by the programmer, whereas internal types are only used by the type
system without the knowledge of the programmer. The objective of avoiding
the direct use of internal types is offering the programmer the best possible
simplicity without losing the power of our proposition (we have also kept
the C# concrete syntax). Constraint types can appear in the constraints of
our type system; they are also transparent to the programmer. Object types
are specified describing a collection of their fields between curly braces, not
including methods as part of them (functions are used instead). Although
the var keyword is the concrete syntax of type variables (included in C#
3.0 to allow avoid type specification of initialized local variables), the parser
assigns them unique sequential numbers (X; metavariables range over type
variables). Dynamic or static (by default) dynamism can be set to type vari-
ables, intersection, and union types. Member types are the collection of fields
that an object may hold. Since objects in C# do not offer structural sub-
typing (C# implements class-based inheritance subtyping), member types
are the way we have used to specify structural subtyping of objects (see Sec-
tion 3.5). Notice that intersection, union and member types are transparent
to the programmer, appropriately inferred when var references are used.

3.1 Judgments

Type inference is specified with the general judgment I';Q - E : T | C; 1.
This judgment means that under constraints C, environment I', and context
), expression F has type T, producing the output environment I”. Envi-
ronments (I') bind variables (identifies) to types in the scope represented
by I', and they also bind type variables to types (if type variables have
been inferred). For example, in the scope of the testList0fTwo function in
Figure 2, T holds the assumptions I'(integer):int and I'(Xs3):{data:int,
next:{data:bool, next:int}}, being Xo3 the type of 1ist0fTwo.

A context (Q2) stores the information of the function being analyzed, in
order to type-check its statements. €.;,cq1s Saves the identifier set of local
variables in the current function, and Q.,4rams stores the parameter list;
(2,4 holds the declared return type of the function and .4, collects types
inferred from function parameters (its usage will be detailed in Section 3.3).

We define two kinds of constraints (last part of Figure 1). Subtyping con-
straints (C'T' < CT) require the type on the left to be a subtype of (promote
to) the type on the right [24]. Assignment constraints (CT < CT') not only



var createNode(var data, var next)
return new { data= data, next=next

voi d setData(var node, var data) {

) node. data = data;

voi d setBoth(var node, var data, var next) {
node. data = data;
node. next = next;

}

var twoEl enents() {
var list;
int integer
bool bool ean;

list —createNode(true 0); // (null)
bool ean = |ist.data;

integer = |ist.data; /'l * Error
setData(Iist 3);

integer = list. data+l

setBoth(Ilst true, iist. next);

bool ean = Ii st. dat a&&t r ue;

list = createNode(1, |ISI)

bool ean = |ist.data; /1l * Error
integer = |ist. dat a;

bool ean = I!st.next.data;

integer = list.next.data; // * Error

return list;

}
var getEl enent (var list,

var firstOne) {
var el enent;

if (firstCne?
element = |ist.data;
el se
element = |ist.next.data;

return el ement;
voi d testLlstO‘Two(lnt n) {

var |istOf Two
dyn var el enent ;
int integer;

IlstO‘Twu = twoEl ement s();

el ement = get El enent (|i st Of Two,
elenent+1 > 2 && el enent;
integer = elenent; /Il * Error

n==1);

}
var createlntList(int from
int index;
var list;
list =0; // (null)
index = to;
V\,hlle(lndex >= from {
list = createNode(index,
index = index - 1;

int to) {

list);

}
return list;

}
var testintList() {
dyn var dynL| st;
var stalist;
int integer;
bool boo ean;
dynList = createlntList(1, 10);
i nteger dynLi st . dat a;
bool ean = dynLi st. data; /1l * Error
staLi st = dynList;
staLi st. data; /1l * Error

%/md vector(var[] w {
var[] v,

i

v0| d test Many(var parant,
var node;
node = new {dat a=0};
set Dat a( node, true);
if (node. data>0)
list.data = paranl+2 ;

[ * Error

var list) {

/1l * Error

}
vm? |gtersect(bool b,
i
sta + din;
el se .
sta || din;

var sta, dyn var din) {

void main() {
var[] ve;
var node;
testLi stO‘Twu(l)
testIntList();
ve[2] = new { attribute = 3 };
vector(ve);
|ntersect(true 3, 3); // * Error
node = createNode(true 0);
test Many(3, node);

F(data): X;, F(next): X

[(creat eNode XXX X; dat a: X;, next: Xp} < Xg
Enode X4 I)( 1 I { ‘i 2}

< Xs
r setData) X4><X5ﬁv0| | < [data: Xg], X5 « Xs
r node Xz, T(data): X, T( next) Xo
r(x dat a: Xio] » F(X 1 Xg
I X7 dat a: Xjo, next Xu] M(X11) : Xg
I'({ set Bot h): X7><Xa><x.3ﬁv0| d| I'(X7) [ dat a: Xjo, next : Xi1], X0« Xg, X11 < Xo
F(list): X2
[( X12) : {dat a: Xg3, next: Xia}, [(Xg3):bool, T(Xy):int
I(Xy) i nt
[(Xy3) : bool , T(Xy):int
F(Xi3):int, [(Xy):{data: X;s, next: Xie}, [(Xs): bool,
F(list): X7, T(firstOne): X
(el ement): X
X1 < bool
Xi9 < [data: Xpo] , (Xi9) : X0
Xig9 [next Xo1], Xo1 < [data: Xpo], T(Xig): Xo2
Fe) | Yoo 0 %
r(list O‘Two) Xo3
F(el ement):dyn Xp,
next : {dat a: bool , next:int}}

ngzag :{data:int,

Xz4) 1 dyn i nt Chool

list):X
EXZS) )I nt25

[(Xzs): {data:int, next: Xs}

FEX s) . i nt [ data:int, next: Xps} . .
M(createlntList): i ntxint - Xoe | int{data:int, next: X} < Xpe
Hetab sy e e

F(Xp9) i nt {data:int, next: Xy}, F(dyn Xp7): dyn Xpo

[(Xz8) : X9

FE : Arraygxagg

r(v):Array( Xs.

M(Xa1)rint, T(Xg):

rE x33 i nt fhool Dr( xsn) X30D nt Chool
paraml Xaz, T(list):Xs

r node) :
M( Xaa) : (data int}

X33 [data: Xgs], T(Xss):int, T(Xzs) —int
T(Xas) Xas0i Nt [(Xss) - Xas
r(sta): X, F(dl n) :dyn Xs;

X3 < int, X7 <int,

X36 < bool ,

ng < int Obool, ! Xw dyn i nt Chool

F(ve): Array( Xss)
node) : Xzg

( Xzg, attribute:int
38, attribute:int}OntCbool

X3,
X3,
ng édata bool , next: |nt)
X

dat a: bool & nt , next int}

Figure 2: Example concrete program.

(Xg) i nt



check that an assignment could be performed, but they are also used to infer
types, binding a type variable to a particular one. Therefore, assignment
constraints may modify type variable bindings in type environments when a
function is called. In line 31 of Figure 2, a subtyping constraint is generated
for variable firstOne; it should be a subtype of bool (X3 < bool) when
the function getElement is called. Line 5 is an example of assignment con-
straint generation. When the setData function is invoked, the data type of
the argument (Xg) will be assigned the type of value (X5).

Type inference judgments of the form I'; Q= E : T | C;I” have an input
environment I', and an output environment I’. T' holds the environment
before the scope of F/, and I’ stores the environment after typing £. I'” might
differ from I', containing inferred types of local variables and new types
bound to type variables inferred in E. Output environments have already
been used to define flow-sensitive type systems [14], because variables and
type variables may change their types depending on the control flow [15].
An example of this behavior is observed in the twoElements function in
Figure 2. The assignment in line 15, binds the type variable of the list’s
data (X13) to bool, making the statement in line 16 to be accepted by the
type system, and line 17 to be erroneous. Line 18 changes the type of the
field (int) and, hence, line 19 compiles without any error. This example
shows how the same variable can hold different types in the same scope,
depending on the execution flow. This process has also been applied to
control structures (Section 3.7).

3.2 Functions

Inference rules of functions, declarations and statements use ¢ to denote
well-formedness. Inference rules in Figure 3 not only check well-formedness,
but they also generate output environments and constraints that are used
for type-checking subsequent expressions. As an example, T-FUNC adds
the identifier of the function being declared into the output environment. It
is bound to its type (17 x ... x T, — T | C') making it possible to type-
check subsequent calls to it. As Figure 3 shows, function types include the
constraint set that must be satisfied by the arguments at any invocation.
It is worth noting that function declaration generates no constraint at all,
and it only adds the type of the function to the output environment. This
means that constraints, types of variables, and type variables are local to the
function scope where they were inferred. The rest of the rules in Figure 3
generate no constraint at all, and output environments become the input of
the following terms, obtaining flow-sensitive type checking.



(T-Func)
id ¢ dom(T") ;0 D:o| 0T
id; ¢ dom(T')' S TV idy i Ty...id, : T QF S 0| C; T
" =T,id: Ty x...xT, - T|C
D:QF T id(Ty idy ... T, idy) D S :o | 0;T"

T-DECL
id ¢ dom(T) T'=T,id:T
;QFTid:o | 0;TY

T-DEcCLS
[0 Dy o] 0;T I';QF Dy :o|0;T”

[5Q9F Dy Dy:o]| 0;T”

T-FUNCS
QR F o] 0T I'QFF:o| ;T

QO F Fy:o| ;T

T-ProG
QR F:o| 0T I:QFS 0|01

I":QFSy:0|0; 7"
FP:o|

Figure 3: Program, declarations and functions.



(Q-Func)
F; Q'params == Zd1 RN idp, Q-locals == ’idp+1 e idp+l,
Q-tr = TuQ-tifp == Tl...Tp FS:o

F, QFT Zd(Tl Zd1 PN Tp ’Ldp) Tp+1 idp+1 PN Tp+l idp-I—l S:o

(Q.4ifp-FIELD)
W E: Ty 'ET < [lde] TEQl-tifp Qz.tz‘fp:TQ
QU Ead :Th

(Q.4ipp-ARRAY)
I MEE T Ty < Array(Tg) T e Ql'tifp QQ.tZ’fp =Ty
QU - El[EQ] 2T

Figure 4: Inference rules for 2.

3.3 Context

It is necessary to store information regarding to a function in order to sub-
sequently perform type checking of terms in the function scope. This in-
formation is saved in function contexts (£2) by means of the rules shown in
Figure 4. At function declaration (2-FUNC), local variables are stored in
Q.iocals, Parameters in Q.pqrams, and €.,; saves the return type specified in
function declaration.

Types inferred from type parameters are also stored in Q.;, (it will be
described later why this information is necessary to perform type-checking
of assignments, field accessing and array indexing). First, Q-FuNc adds
parameter types to .4 ¢p; .47,-FIELD inserts field types when an object
type is in Q.4 7p; Q.45 7p-ARRAY does the same with arrays. Notice that not
only type variables are inserted in ).;;r,, because objects and arrays may
indirectly hold type variables in their fields or elements, respectively.

3.4 Expressions

This subsection describes type-checking of variables, object field access, vec-
tor indexing, and arithmetic, relational and logical expressions. Although
assignments and function calls are also expressions, they will be described
in Sections 3.6 and 3.9 respectively.

Figure 5 shows inference rules that type-check variables. The tv pred-
icate tests whether a type is a type variable or not, and the ftv function
returns the set of free type variables in an environment. The predicate
lhsAssign is used to know if an AST node is a direct left child of an as-
signment expression. Rules in Figure 5 do not generate any constraint and



(T-VAR) (T-BVAR)

I'(id): T  —tu(T) IGid): X T(X):T
T;QFid: T |0;T T;QFid: T |0;T
(T-PVAR)

IGid) : X X € fto(l) id € Q.params —lhsAssign(id)
;QFid: X | 0;T

(T-AVAR)
I'(id) : X X € ftu(T) id & Q.params lhsAssign(id)
;QFad: X | 0;T

Figure 5: Variables.

do not add any type information to output environments either.

T-VAR types a variable previously declared, when its type is not a type
variable. When the type of an identifier is a type variable and it is bound
to another type, T-BVAR types the identifier to the type bound to the type
variable. This happens, for instance, in line 79 of Figure 2, where the type
variable of node (X34) is bound to {data:int} in line 77.

Both T-PVAR and T-AVAR type-check identifiers when their types are
free type variables (not bound to any other type). In the first case, the
variable can be used when it is a parameter (thus, it has a value) and it is
not the left-hand-side of an assignment. On the other hand, T-AVAR allows
a free type variable that is not a parameter to be used as an expression as
long as it is the left-hand-side of an assignment (because the type variable
will be bound to a type in the subsequent assignment). For example, the
utilization of the v variable in line 71 of Figure 2 is not allowed because it
is a free type variable, it is not a parameter, and it is not the left part of an
assignment (T-AVAR). However, the param1 variable can be used in line 80
because, under the same circumstances, it is a parameter.

Inference rules of arithmetic, relational and logical expressions (Figure 6)
are deeply based on subtyping (following section). Operands of arithmetic
and relational expressions must be subtypes of int; logical expressions
should promote to bool. Output environments are used as input environ-
ments of subsequent expressions, being the last output environment the one
returned by the whole expression. The constraint set generated by each
expression is the union of all the constraints produced by each of the four
premise judgments.

When accessing object fields (T-FIELD), the object should promote to
the member type [id : T5]. A member type is an internal type that denotes
the set of fields an object should hold. Therefore, an object promotes to a

10



(T-ARITH)

F;QFEliTllcl;F, F'FTlgint\Cg;F"
Iw; QF By : Ty ’ Cg,;F”’ "+ T, <int ’ C4;F////

[0 E @ Ey:int | C1UC,UC3U Cy; T
(T-Loa)

F;Q"EliTllcl;F/ F,l—TlgbOOl‘CQ;P”
I'":QF Ey: Ty | C3; T '+ Ty < bool | Cy; T

[QF By ® Ey :bool | CLUC, UC3U Cys T

(T-REL)

QR E Ty | O T I"FT) <int | Oy T”
F”;Q FEy: Ty ’ Cg;F’” "+ T> < int ’ C4;F””

I''QF E1#FEs : bool ’ CruUCyUC3UCy; "

(T-F1ELD)
F;Ql—EZTllcl;F/ F/I_Tlf[ileQ]‘Cg;F//
Ty € fto(T") NTh & Qyipp = lhsAssign(E.id)
[;QF Eid: Ty | Cp U Cy; T

(T-ARRAY)

OFE Ty | O T I'+1T), < Array(T) | Co; T
Iw; QF Ey: Ty ’ Cs; " e Ty, <int ’ Cy; |
T € fto(T")YANT ¢ Q.yifp = lhsAssign(Er[Es))
IN El[EQ] :T | 1 UCQUC3UC4;F””

Figure 6: Expressions.

11



(T-TVBS)
[ QFE:X|CTY MXx):T
OQFE:T|C T

Figure 7: Type variable binding substitution.

member type following the same rules as structural subtyping for objects
described in [2]. Moreover, if the object field is a free type variable not
inferred from the parameters (not in Q.4¢,), it must be a direct left child
of an assignment expression. Line 5 in Figure 2 is an example of a correct
term. Although the node’s data is a free type variable (Xg) and it is not
the left-hand-side of an assignment, its type is in 2.4 ,,.

T-ARRAY requires the first expression to be a subtype of array, and the
index to be an integer. As with objects, if the calculated type is a free type
variable, it should be the left-hand-side of an assignment. This predicate
generates a compilation error in line 71 of Figure 2. The type of the elements
of the v array is the free type variable X351, not inferred from the parameters
(it is a local variable), producing a compilation error because no value has
been assigned to it.

3.5 Subtyping

Judgments in subtyping rules (I' = 77 < T5 | C';I”) require an input environ-
ment (I') and generate a set of constraints (C') and an output environment
(I"). The input environment is used to know type variables that might be
bound to particular types. In effect, the T-TVBS rule in Figure 7 types
any expression to the type which is bound to the expression type variable.
The output environment is used to bind a type variable to a type, when
the type variable must be a subtype of a particular type. This is precisely
the behavior of the S-F'TV rule in Figure 8 that, in addition, generates a
subtyping constraint. The subtyping condition will be true if the constraint
is fulfilled. The S-FTYV inference rule includes the X:T binding in I be-
cause subtyping relation of the core language type system presented in this
article is actually an equivalence relation, except for objects. This is the
cause why we included the subtyping rule S-MEMBERI for member types.
Future extensions of the type system will not add the X:T binding to I".
Subtyping relation is reflexive and transitive (Figure 8). When both type
variables are not bound to any type, a subtyping constraint is produced (S-
FTVs). Objects (S-OBJECT) and arrays (S-ARRAY) type constructors are
covariant. However, an object promotes to another one when both have
the same number of fields and equal field labels, maintaining the subtyping
relation for each field type (S-OBJECT). Member types were introduced for

12



structural subtyping of objects. An object type is a subtype of a member
type when the former has all the members of the latter, and there is covariant
subtyping of their types (S-OMEMBER).

It is also worth noting that member types have structural subtyping (S-
MEMBERE) and that promotion to new members is offered by adding these
new members to the constraint set and output environment (S-MEMBERI).
This second rule is necessary because in T-FIELD (Figure 6) we add a single-
field member type to the output environment (and to the constraint set).
This means that object will only type-check object operations, but it does
not mean that field is its sole member. The setBoth function in Figure 2
is an example of this mechanism. In line 8, data is assigned to node.data,
binding the member type [data:X1g] to the type of node (X7). However,
it is also possible to assign a new next field to the same object in line 9,
because the S-MEMBERI now binds the member type [data: X9, next: X11]
to node.

Since StaDyn does not support higher-order functions yet (delegates in
C+# terminology), we do not specify subtyping of the function type construc-
tor.

3.6 Assignments

The four inference rules in Figure 9 describe assignment expressions. T-
ASSIGN types assignment expressions when the left-hand-side expression
type is not a type variable. This straightforward rule only requires the right-
hand-side to be a subtype of the left-hand-side. In case the left-hand-side is
a type variable, it will for now on be bound to the type of the right-hand-side
expression (T-TVASSIGN).

T-FASSIGN types the assignment of an object field when it is a type
variable. As with the T-FIELD rule, the object should be a subtype of a
member type with the specific field label. The new field type will be the
type of the right-hand-side expression, regardless of its previous type. This
involves a flow-sensitive type inference for object field type variables (e.g.,
the twoElements function in Figure 2). Finally, if the field type has been
inferred from a parameter, a new assignment constraint will be generated.
This constraint will cause changing the field type of the argument when
the function is called. An example of this kind of assignment constraint
generation is shown in the setData function in Figure 2 (Xg <+ Xj5). Calling
this function with an object as an argument (line 18) changes the type of
argument’s data, making the statement in line 19 to be correct.

For an array type whose elements are type variables (T-AASSIGN), the
new type of its elements will be a union type comprising its previous type
and the type of the right-hand-side. A union type 71 V T> denotes the
ordinary union of the set of values belonging to 77 and the set of values
belonging to T3 [33]. Therefore, the type of v in line 74 of Figure 2 is an
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(S-TRANS)
FI_T1§T2|01;F, F’l—ngTg’CQ;FH
T <Ty| 01UCQ;F”

(S-REFLEX)
r=7<7|0;T

(S-FTVs)
X € ftv(F) X € ftU(F) C=X;1 <Xy
'+ X1 S X2 | C,F

(S-FTV)
Xefto T¢fto(l) C=X<T TU'=01,X:T
r-x<rt|cr

(S-ARRAY)
FFTlgTQ‘C;F/
'+ Array(Ty) < Array(Ty) | C;T7

(S-OBJECT)

r I_T‘l S Tn+1 | Cl;rl--- anl (o Tn S T2n | Cnarn

FF{Zlel’LdnTn} S {Zlen+1’LdnT2n} |
Ciu...uc,; I,

(S-OMEMBER)
Viée [n+1,n+m],§lj € [1,%], id; :Zd] AN, BT < Tj ‘ Ci;Ti_nia

Fl F {Zdl . T1 .. Zdn : Tn} S [idn+1 . Tn+1 . Zdn+m . Tn—i—m] ‘
CiU...UC; T

(S-MEMBERI)
D(X):[idy: Ty ...idy : Ty) I"=T,X:[idy : Ty ...idps1 : Tyai]
C=X § [’Ldl . T1 .. .idn+1 : Tn+1]
I'E X <lidptr: Tnia) | C; T

(S-MEMBERE)
D(X):[idy : Th .. .idy, : Ty)
I'Ffid; : T]€"" < X | 9;T

Figure 8: Subtyping.
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(T-ASSIGN)
F;QFEl :T1 ’ Cl;l—‘,
—tv(Ty) I''"QF Ey: Ty | Co; T IMMkFstaTo <Ty | C; T
I'QOFE=FEy: Ty ’ ClUCQUC?);F,H

(T-BTVASSIGN)
OB Ty | Cp T
—\tU(Tl) F/;Q F E2 : TQ | CQ;F” F” F sta T2 < T1 | Cg;IW/
I'QOFE=FE: Ty ’ 01U02U03;F”/

(T-TVASSIGN)
QR B X | O T
X € fto(I) I'QF Ey: T | Cy; T r"=r"x:T7
F;Ql—El :EQ:T‘ClL_JCQ;F”/

(T-FASSIGN)
F;Q "El : T1 | Cl;F,
F/l—Tlg[ZdX] ’CQ tU(X) F/;QI—EQZT2|03;F”
I'"=1"X:Ty if X € Qup, then Cy = X « Th,else Cy =)
I'QF Erid = Ey : Ty | 1 U02U03U04;F”/

(T-AASSIGN)
[0 BBy : X | Oy T
tv(X) I''"QFEs:T|C; 7" T"=1"X:T"X)VvT
if X € Qujp,then C5 =X «— X VI'(X)V T, else C3=10
[;QF By [Ey) = FE3:T | CLUCyUC3; T

Figure 9: Assignments.

array of integers or booleans (int V bool) because it holds both. If the type
variable has been inferred from the function parameters, a new assignment
constraint will be generated including the own type variable in the right-
hand-side of the assignment. This is the case of the w variable in the vector
function (line 74 in Figure 2). Unlike the type of v, the type of w (X39) is
included in the union type (X3 V int V bool), denoting that the type of
the actual parameter in the invocation will be included in the union type.
Therefore, the type of w when the function vector is called in line 94 is
{attribute:int} V int V bool ({attribute:int} is the type of the ve
argument).

Unlike subtyping constraints, the set of assignment constraints should
keep insertion order, since the last assignment dictates type inference of
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(T-Exp) (T-RETURN)

LQFE:T|O;TY ;QFE:T|CpTY VET <Qu | Cy
[;QFS:o|CTY [;QF return E:o | CpUCy; T
(T-Ir)

QR E:T|COiTY I"+T <int | CyT”
F//;Q H S1 O ‘ Cg;F”’ FH; QF 52 o ’ C4;F””
QFIf E S Sy 0 | ChrUCy UjOin(Cg,C4);F/// ur”

(T-WHILE)
;QFE:T|CpTY
I"FT <int | CyT” I'":QFS:0o|CsT"
[;QFwhile ES:o| CyUCy U join(Cs,0); T uT”

Figure 10: Statements.

arguments after function call. Notice than existing constraints could not be
replaced by new ones because subtyping should be still checked. An example
of this necessity is the setData function invocation in line 78 (Figure 2) that
generates a compilation error because the assignment constraint Xg «— X5
cannot be performed (bool is not a subtype of int).

3.7 Statements

The core language includes the return, if and while statements, as well
as expressions. Figure 10 shows inference rules for these statements. An
expression is a valid statement only if a type can be set to the expression
(T-Exp). The output environment and constraint list generated are those
provided by the expression. For the return statement, the expression type
to be returned must be a subtype of the declared return type (T-RETURN).

Control-flow branches of if and while statements should be taken into
consideration to keep the flow-sensitiveness of our type system. The join
of constraints and the union of type environments take into consideration
this difficulty, taking the type information obtained on each execution path
and combining both into a single constraint list and type environment. For
instance, the type of the element variable (XsgV X92) —line 35 in Figure 2—
is created from its types in line 32 (Xy90) and 34 (Xg2). The same happens
with constraints: the joined constraint for the variable sta in line 87 (X3g
intAbool) is obtained from the constraint X3¢ < int in line 84 and X3¢
bool generated in line 86.

The union of environments shown in Figure 10 is based on the join
function described in Figure 11: variable bindings must be the same in both

<
<
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(r-u)

Vid € dom(T"),id € dom(T") AT’ (id) = I (id)
Vid € dom(T"),id € dom(T") AT" (id) = I"'(id)
tvb(T) = join(tvb(T"), tvb(T"))
r'ur’=r

Figure 11: U applied to type environments.

join(Set;, Sety) = Set in
Set — ()
Y elemy € Sety
if Jelemsg € Sety, compare(elemy, elems)
Set — Set Uunion(elemy, elems)
else
Set «— Set Uunion(elemy)
VY elem € Sety + Sety
Set « Set Uunion(elem)

Set1 + Seto = Set in
Set «— 0
YV elemy € Sety
if Aelemg € Sety, compare(elemy, elems)
Set «— Set U elemq

Figure 12: The join algorithm.

environments, and the resulting type variable binding set (returned by the
tvb function) is the join of type variable binding sets of each flow path.

Figure 12 shows the algorithm used to implement the join function.
Each set holds either constraints (subtyping and assignment) or type variable
bindings (X:7T in environments). The algorithm has been defined employing
the compare and union operations defined with the axioms in Figure 13. The
algorithm takes elements of both sets, adding new union and intersection
types [33] to the return set. It first processes the elements of the first set,
and then those included in the second set but not in the first one (+).

As Figure 13 shows, comparisons between constraints are based on the
type on the constraint left-hand-side. This is because constraints are al-
ways generated with a free type variable in its left-hand-side (otherwise, a
constraint would have not been generated). Definitions of the compare and
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(J-COMPARE)
compare(Xy «— T1, X1 <« T3)
compare(X, < T, X; <Tj)

compare(Xy : Th, X1 : Ts)

(J-UNION)
union(X — T, X «—To) =X «—T1 VT,

union(Dyn X <Ti,Dyn X <Tp) =X < DynT; ANT>
union(X : 11, X : To) =X : Th VT
union(X «—T)=X — X VT
union(sta X <T)=sta X <T
union(dyn X <T) =10

union(X :T)=X:XVT

Figure 13: Comparison and union operations.

union operations in Figure 13 ensure that every constraint set will never
have two different constraints with the same left-hand-side type variable.
The only statement that generates subtyping constraints with a particular
type on the left-hand-side is the return statement. However, this statement
cannot appear in a control flow statement because of the AST transforma-
tion described in Section 2.

Joins of assignment constraints and type variable bindings create a union
type consisting of the two types in each execution path. However, subtyping
constraints are joined in a new intersection type. An intersection type T1AT5
denotes all the values belonging to both 77 and T» [33]. Therefore, if a static
reference should promote to 77 in one flow path and be a subtype of 75 in
the other, it must then be a subtype of both (subtype of intersection type).
T1 ATy is the greatest lower bound of T7 and 75, while 717 V T5 is the least
upper bound [3]. The meaning of dynamic intersection and union types will
be described in the following section.

The union function is also defined for constraints or type bindings gener-
ated in only one of the execution paths (last four axioms in Figure 13). The
union of a single static subtyping constraint is the own constraint, because

18



static typing must check every possible flow of execution. However, if the
type variable is dynamic, there is no resulting constraint because it has been
produced in a single execution path —differences between dynamic and static
types will be discussed in Section 3.8. In assignment constraints and type
variable bindings, the type to be bound is included in the right-hand-side of
the assignment. This means that the type variable will be bound to a new
union type, including the type it was previously bound to. As an example,
the data field of the 1ist variable (X35) has the type X35Vint in line 81
of Figure 2. As it will be discussed in the following section, this means that
its type can be either int or the free type variable X35. The special case
of assignment constraints, that are also generated in T-AASSIGN, is taken
into account in the constraint resolution algorithm presented in Section 4.

3.8 Dynamism
3.8.1 Union Types

The type system presented in this paper considers the dynamism the pro-
grammer may set to type variables (var references). This dynamism is taken
into consideration in the type-checking of union and intersection types. We
have started from static typing rules defined by Benjamin Pierce [33] (S-
SUNIONL and S-UNIONR in Figure 14, and S-SINTERR and S-INTERL in
Figure 14), and then added new dynamic typing rules (D-SUNIONL in Fig-
ure 14, and D-SINTERR in Figure 15).

A union type holds all the possible types a reference may have, turning
into their least upper bound [3]. If the type variable bound to a union
type has been declared as static, the set of operations (e.g., addition, field
access, assignment, invocation or indexing) that can be applied to that union
type are those accepted by every type in the union type. However, if the
reference is dynamic, type-checking is more optimistic. In that case, it is
possible to perform an operation when it is accepted by at least one of the
types in the union type. If the operation cannot be applied to any type, a
type error will be generated even if the reference is dynamic. This behavior
can be seen in lines 63 and 66 of Figure 2. The type of both stalist
and dynList is intV{data:int,next:Xo9}, but stalist is static whereas
dynList is dynamic. This difference makes the field access operation in line
66 not to compile (the dot operator cannot be applied to an int), while
it is correct in line 63 (the {data:int,next:Xo9} type accepts the addition
operation).

The behavior described in the previous paragraph is achieved with the
subtyping rules in Figure 14. Since our system makes extensive use of the
subtyping relation to type-check terms, we have centralized the dynamism
of our type system in the subtyping relation of union and intersection types.
For static subtyping of union types, every type should promote to the other
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(S-SUNIONL)
Vie[l,n], LT, <T|C;Ty
FkstalyVv.. VT, <T|CiU...UC,;T1U...UT,

(S-DUNIONL)
Ff—dynTl\/...\/TnST‘ U C;; ULy

(S-UnIONR)
e T <Tyv... VT, | T

Figure 14: Subtyping of union types.

type in the subtyping predicate (S-SUNIONL). The generated type variable
bindings and constraint set are the union of those produced with each sub-
typing, following the definition of environments union shown in Figure 11.
S-DUNIONL specifies dynamic subtyping, requiring at least one promotion;
constraint and type variable binding created are the union of those successful
promotions (UI'; represents the union of the I';).

3.8.2 Intersection Types

Since an intersection type collects the types a reference has, it denotes the
greatest lower bound of those types [3]. A type promotes to a static intersec-
tion type only if it is a subtype of all the types collected by the intersection
type (rule S-SINTERR). The dynamic behavior is more lenient, accepting
the promotion when the type is a subtype of at least one of the types in the
intersection type (rule S-DINTERR). This behavior is directly connected
with how subtyping constraints were joined (Figure 13): two subtyping con-
straints with the same type variable in their left-hand-side are joined to a
unique constraint that requires this type variable to promote to the intersec-
tion type collection both right-hide-sides. The example function intersect
in Figure 2 has two parameters: one static (X3g) and the other dynamic
(X37). The conditional statement generates two constraints: Xszs < sta
int A bool and X37 < dyn int A bool. This difference in the dynamism is
shown when the function intersect is invoked in line 95: the first parameter
generates a type error, but the second does not.

3.8.3 Dynamism Inference

Although Figures 14 and 15 describe subtyping of (dynamic and static)
union and intersection types, the programmer only specifies the dynamism of
free type variables (Figure 1). Starting from the dynamism of var references,
inference rules in Figure 16 (together with J-UNION axioms in Figure 13)
infer the dynamism of union and intersection types. D-VAR makes dynamic
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(S-INTERL)
TFTYA...AT, < T,€%" | ;T

(S-SINTERR)
Vie[l,n),I T <T;|CyTy
F'ET<staThA...ANT, |C1U...UC,;T1U...UT,

(S-DINTERR)
F-T<dynTyAN...ANT, <T| UC; ULy

Figure 15: Subtyping of intersection types.

(D-VAR)
I'(id) : dyn X NX):T I"=T,dyn X :dyn T
I'kid:dynT | 0;T7

(D-TVUNION)
Fdyn X)=T1Vv...VT,
I'dyn X)=dynTy V...VT,

(D-ARRAY)
[;QF Ep 2 Array(dyn X); TV

F/; QO+ El[EQ] = E3 : Tl; F” P”; Q- E1 : T2
I'":QF By : Array(dyn Ty)

Figure 16: Dynamism calculation.

the type of variables declared as dynamic. Since a union type is always
bound to a type variable, D-TVUNION sets the dynamism of a type variable
to the type it is bound to. The D-ARRAY rule makes the dynamism of type
variables in arrays prevail over assignments; i.e., if after an assignment the
dynamic type variable in an array is bound to a new type, this new type
will also be dynamic.

3.8.4 Converting Implicit to Explicit Types

The programmer could convert a dynamic implicitly typed union type to
an explicit (particular) type (in assignments or function calls). When the
union type is static, the subtyping rules described in Section 3.8.1 require
types in the union type to promote to the explicit type. However, if the
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(T-Inv)
shift(I'(id)) : Tp1 X ... xTp, =T |C
Viée [1,n],1“2- FE;:T; | Ci;ri—i-l Vie [1,n],ﬂ ¢ ftU(FH_l)
Vie[l,n],Thyibsta®iy <Tp;| CpgiiLongt Fopyo IF CiTonp
I'i+ Zd(El ce En) : F2n+2<T) ‘ CiU...UCyy; Fonto

(T-FTVINv)
shift(T'(id)) : Tpy1 X ... x Tp, =T |C
Viée [1,77,],FZ‘ FE;:T; ‘ Ci;ri—l-l die [l,n],ﬂ S ftU(FZ’_H)
Vie [l,n],FnJri Fstal; <Tp; | Cn+i§r2n+1
Iy FZd(ElEn) :T | CUCLU...UCy;Tont1

Figure 17: Function invocation.

implicit type is dynamic, the conversion is too lenient because only one
single promotion is necessary to allow the conversion. This is why a static
conversion is forced in both assignments (rule T-ASSIGN in Figure 9) and
function invocations (rules T-INv and T-FTVINV y Figure 17). In line
44, Figure 2, a dyn intVbool type is assigned to an integer, generating a
compilation error even though element is dynamic, because the integer
variable is explicitly typed (and, hence, static).

3.9 Function Invocation

Figure 17 shows the two inference rules of function invocation. The differ-
ence lies on the existence of type variable arguments (T-INV for no type
variable argument, and T-FTVINV otherwise). In both cases, the shift
function takes a function type and returns an equivalent one, renaming the
numbers of type variables to new fresh type variables. This process permits
multiple invocations of the same function, creating new type variables for
each function call. On each invocation, types of the arguments are computed
and checked to be subtypes of parameter types.

If no argument is a free type variable, constraints resolution is performed
(Section 4). The judgment I'; IF C,T' means that under the I" input envi-
ronment, 'y is a solution for C; i.e., I's holds all the substitutions to fulfill
C under the I' environment. In that case, the type of the function call is
the substitution I'g,42(7"), being I'yp42 a solution for C'. Under these cir-
cumstances, the C constraint set is solved and, hence, it is not included in
the constraint set generated by the function call. This shows how constraint
resolution is part of the type inference process (it is not global; i.e., it is not
performed after traversing the whole AST). If any argument is a free type
variable, C' is added to the constraint set produced by function invocation
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(T-FTVINvV).

4 Constraint Resolution

As we have mentioned, constraint resolution is performed when a function
call with no type variable argument is type-checked, combining syntax-
directed type-checking with constraint resolution.

Theorem 1. The type system generates no unfulfilled constraint for the
main function

FP:o|O;T

Proof. Every constraint is generated by the appearance of a free type vari-
able in an expression. Syntactically (Figure 1), the language syntax does
not allow parameterization of the main function. Therefore, local variables
are the unique free type variables that might be used in the main function.
The four rules in Figure 5 type-check variables: T-VAR requires the identi-
fier not to be a type variable; T-BVAR to be bound type variable; T-PVAR
to be a parameter; and T-AVAR to be assigned a value and, hence, to be
bound, without generating any constraint. For free type variable array ele-
ments and object members, both T-ARRAY and T-FIELD (Figure 6) force
free type variables not in €2.;;¢, to be the left-hand side of an assignment,
without generating any constraint. O

Proposition 1. Properties of constraint resolution

T, - C,T):
1.V <T, e C.T's HTy STQ“Z);FS
2 VX —TeCT,FT<X|0:T,

The solve algorithm we have implemented for constraint resolution is
shown in Figures 18 and 19. It is an adaptation of the algorithm defined by
Aiken and Wimmers [3] that performs inclusion constraint resolution using
union and intersection types.

Definition 1. Under the typing environment ', a set of constraints C is
satisfied by the typing environment 'y, written I's IF C, T, iff for the evalu-
ation of solve(C,T') we obtain (T's, true).

The solve algorithm (Figure 12) first checks the subtyping constraints
and then the assignment ones. The subtyping rules are used to check the
subtyping constraints, using I's as the output environment. The algorithm
employs the union(7}, T5) operation (Figure 19) to merge the equivalence
classes of 171 and T3, that are initialized at the beginning of the solve al-
gorithm. The union operation is not defined for union or intersection types
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solve(C,T") = (Tpyt, success) in
I's<—T
foreach T € C
T.class — {T}
foreach T} <Th e C
foreach T € T5.class
ifnot(Ts Ty < T | 0;T)
return (I'y, false) / * Typing Error x /
union(Ty,Ts)
foreach X «— T € (C
T «— replaceRecursive(T's, X, T')
T.dynamism «— X.dynamism
if not(ls =T < X | 0;T)
return (I'y, false) / * Typing Error x /
foreach X € X.class
I's T4, X7:T
return(l'y, true) / % Succeed * /

Figure 18: Constraint resolution algorithm.

because they should be merged together with free type variables (first al-
ternative of the union operation). For the assignment constraints, it is
first checked that the right-hand-side is a subtype of the left-hand-side. Af-
terwards, the right-hand-side type is bound in I'gy to all the types in the
equivalence class of the left-hand-side.

In Figure 13 we saw how an assignment constraint X « X V7T was gen-
erated when only one of the execution paths produced an assignment con-
straint for X (X « 7). The replaceRecursive(I',X,T") function solves this
recursion. It takes the assignment right-hand-side (7") and replaces all the
occurrences of T in X with I'(X). An example of this operation is the con-
straint resolution of the testMany function invocation (line 97 of Figure 2).
The constraint X35 < X35 V int is satisfied when testMany is invoked,
binding X35 (unified to the data field of the node argument) to boolVint
and, hence, giving the node argument the type {data:boolVint,next:int}.
Notice that the replaceRecursive function is not used in subtyping con-
straint resolution because no recursive subtyping constraint is generated in
our type system.
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union(L, T1,Ty) =
order(Ty,T5) / * Avoid symmetric comparisons x |
if tv(T1) and tv(T3)
Ty .class < Tj.class UT5.class
Ts.class < Ti.class
else if T} € dom(I)
union(T,T'(T1), T2)
else if 71 = Array(Ty) and Ty = Array(Ty)
union (T, T7,T4)
else if Ty = {idy : T}, ...,idy, : T} and
T2 == {Zdl : Tlll, ‘e ,Zdn : TT’L/}
foreachi € [1,n]
union(, T/, T!")
else if 71 = [idy : T7,...,id, : T))] and
Ty =lidy - T7, ... tdn - T}, ... idpym - Ty )]
foreachi € [1,n]
union(T, T/, T!")
else if 71 = [idy : T},...,id, : T)] and
To={idy :T7,....idy Ty, .. idpgm = Ty }
foreachi € [1,n]
union(I, T/, T!")

else Error / * Typing Error x /

Figure 19: The union operation.
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5 Implementation

The core type system presented in this paper is based on the requirement
that, before checking the type of a function call, the function body should be
previously type-checked (Figure 17). Once the function has been analyzed,
its body is not examined any more. Therefore, the type-checking algorithm
starts analyzing the main function, typing each function body before check-
ing its invocation. Although in the implementation of StaDyn we support
recursive invocation, this feature has not been formalized yet.

Inference rules of our type system are non-deterministic. Some trans-
formations of those rules (and merging between them) were performed to
implement a deterministic type-checking algorithm, taking into considera-
tion the process described in the paragraph above. To make deterministic
the assignment rules, two premises were added to T-TVASSIGN. The AST
node that represents the left-hand-side of the assignment could not be ei-
ther an object field access or an array indexing expression. Inference rules
that set the elements of {2 were mixed up with function invocation rules
(T-Inv and T-FTVINV), array indexing (T-ARRAY), object field access
(T-F1ELD), and assignment rules (Figure 9). Regarding to dynamism rules
in Figure 16, D-VAR was mixed with T-BVAR, D-TVUNION with I'-U, and
T-ARRAY with T-AASSIGN. The type variable binding substitution rule in
Figure 7 was included in all the subtyping rules. The subtyping relation was
implemented by means of the Composite design pattern [16], following the
guidelines described in [27].

The type-checking algorithm has been developed in C# as part of the
StaDyn programming language [29]. Although we are only generating CLR
2.0 binaries at present, we also plan to generate code for the DLR [17]
and Reflective Rotor [35, 30] in future versions. Lexical and syntax analysis
was developed using the AntLR tool [31], and syntax-directed type-checking
follows the Visitor design pattern [16]. Binaries and source code of the whole
implementation of StaDyn are freely available at:

http://www.reflection.uniovi.es/stadyn

The core language type system, its reduced syntax, and the example
shown in Figure 2 are also included as part of the StaDyn source code
distribution.

In [28] we describe a preliminary assessment of performance showing that
current implementation generates code 43 and 51 times faster than Visual
Basic 10 and C# 4.0 respectively, when implicit typing is used. If explicit
typing is used instead, our compiler produces applications 4.6% slower than
C# 4.0 and 14% faster than Visual Basic 10 [28].
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6 Conclusions

This paper describes the first step towards the specification of the StaDyn
type system, a programming language aimed at obtaining the benefits of
both dynamic and static typing in the same programming language. The ma-
jor contribution of this work is the definition of a type system that integrates
syntax-directed and constraint-based analysis to perform type-checking, de-
tecting type errors even in dynamic scenarios, and offering implicit coer-
cions between static and dynamic types. Main advantages of our approach
are early type error detection (even in dynamic code), dynamic and static
code integration, and a valuable tool for code optimization. Explicit typ-
ing is combined with an implicit type reconstruction system. Differences
between static and dynamic typing are centralized in the behavior of union
and intersection types, employing the same type system in scenarios where
efficiency and safety are required (static) and situations where adaptiveness
or rapid-prototyping are appropriate (dynamic).

Future work will be focused on formalizing the operational semantics of
the language core in order to prove its type safety. Afterwards, all those
features of StaDyn not included in this paper will be defined: classes, in-
terfaces, inheritance, inclusion polymorphism, dynamic binding, recursion,
method overloading, and the inclusion of a wider set of built-in types.
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